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Training agenda
13:30 - 14:30 General introduction (Docker setup to run Jupyter notebooks)
& kinematic earthquake model example (Northridge)
14:30 - 15:30 Dynamic rupture example 1 (normal fault with off-fault damage)

15:30 - 16:30 Dynamic rupture example 2 (Palu Sulawesi)
& wrap up

As a backup we pre-calculated outputs for all three examples here:
/shared/cheese/seissol/outputs/
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What is inside the
seissol-training Docker
container?

The Docker image contains a training
environment based on JupyterLab. It comes
with pre-installed tools for point source file and
mesh creation (rconv/gmsh/pumgen).

You did install Docker, right?
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On your desktop/laptop:
Docker setup

Please open a terminal (Windows: PowerShell) and
run (right now)

$ docker pull uphoffc/seissol-training
> docker pull uphoffc/seissol-training

Note: $ Linux/Mac, » Windows, $/> all systems
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On your desktop/laptop:
Docker setup

Run in a terminal (Windows: PowerShell)
$/> docker run -p 5315553155 uphoffc/seissol-training

After some time you should see:
http://127.0.0.1.:53155/lab?token=someAscryptic8hashi23

Click on that link or enter the link in the address bar of your favourite web browser.
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http://127.0.0.1:53155/lab?token=some5cryptic8hash123

On your desktop/laptop:
Docker setup

You should see the following:

Z JupyterLab x  + S
<« C @ 127.001:53155/ab a ¥ » 0

File Edit View Run Kemel Tabs Settings Help

w B : oo [T w

Q
-]
0 . [R] Notebook
Name . Last Modified
s northridge 13 hours ago
™ sulawesi 13 hours ago ﬁ
* ™ pu3 13 hours ago
Python 3
(nykernel)
B console
(ykernel)
Other
Terminal Text File Markdown File Show Contextual
Help
Simple. 0 0@ Launcher
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On your desktop/laptop:
Docker setup

JupyterLab - Mozilla Firefox X

Z JupyterLab X || =F

YiND © € @

<« c @ © @ 127.0.0.1:53155/lab/tree/Untitled.ipynb 5]

Create a new notebook.
Bt cC # Untitled.ipynb ° %

=
The packaged tools and SeisSol can be o oo 222t en = =8 v 0 B *
run by prepending ! e .

» - tpvi3 5 hours ago T

' . Usage: pumgen [-s {gambit|fidap|msh2|netcdf|apf|simmodsuite}] [-d DUMP] [--model MODEL]
n - ul t COI r ” r Ian S [--vtk VIK] [-1 LICENSE] [--mesh MESH] [--analysis ANALYSIS] [--xml XML] [--analyseAR] [--
' enforce-size {0]|1]2}] [--sim log SIM LOG] [-h] <input> [<output>]

arguments:
<input> Input file (mesh or model)

!gl | Ish <output> Output parallel unstructured mesh file

optional arguments:

|pU| | Igen -s, --source {gambit|fidap|msh2|netcdf|apf|simmodsuite}

Mesh source (default: gambit)

-d, --dump DUMP Dump APF mesh before partitioning it
! rco nV --model MODEL Dump/Loa: a speci?{ model file
--vtk VTK D to VIK
. . V --license LICENSE L:':anzsmg (onlylu:Zd by SimModsuite)
|Se|sSO|_ Re[ease dhsw 4 elastlc h-;mesh MESH Mesh attributes name (only used by SimModSuite, default: "me
! _ _ _4_ :
. . . ‘ --analysis ANALYSIS Analysis attributes name (only used by SimModSuite, default:
ISeisSol_Release_dhsw_4_viscoelastic2 U
Simple 0 B 1@ Python 3 (ipykemel | Idle Mode: Edit @ Ln1,Col8 Untitled.ipynb

ChEESE /




Docker containers

Docker does not modify your local files. Instead files created within the
training environment (JupyterlLab) are saved in a container.

To list running containers enter
$/> docker container ls

CONTAINERID  IMAGE COMMAND CREATED STATUS PORTS NAMES
5097c713b25f uphoffc/seissol-training “tini -g /entrypoint..." 28 minutesago Up 28 minutes 0.0.0.0:53155->53155/tcp, ::53155->53155/tcp sleepy_carson

ChEESE 8



Copying files from Docker
containers

Do you remember the name of your container? Replace
sleepy_carson by the name of your container:

$/> docker cp sleepy_carson:./home/training/tpvi3/tpvizjpg .

Above command copies the image tpvi3,jpg to your
current working directory.
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Docker containers

Stopped containers do not appear in the list. To see them enter

$/> docker container ls -a

Want to clean up? Enter
$/> docker system prune
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Terminal efficiency

Enter Ctrl + R to browse your history:.

E.g. "Ctrl + R" and "docker’
finds your last docker command!

(Works in PowerShell, too.)
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Example 1- ground motions from a
kinematic rupture model of the 1994

Northridge earthquake

seismic wave propagation from many point sources,
specifically moment tensor sources, describing a kinematic

finite earthquake model

12
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The 1994, Mé6.7 Northridge earthquake

e 00 people were killed, more than 7,000 injured, 20,000
homeless and more than 40,000 buildings damaged in Los
Angeles, Ventura, Orange and San Bernardino Counties.” ..

e 'Fires caused additional damage.” ..
e 'Damage are between 13 and 20 billion U.S. dollars’

(USGS)

— most costly American earthquake since 1906
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The 1994, Mé6.7 Northridge earthquake

© Origin time:

© Magnitude:

® |Location:;
®© Depth:

® Duration:

1094-01-17 12:30:55.390 UTC[
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The 1994, Mé6.7 Northridge earthquake

© ‘blind’ thrusting earthquake on an unknown

fa u l.t Slipra'rej (2()/5)
L

© Located directly under the city, very strong

shaking

(278,42,65) )/ \\

a4

m—" (130, 53, 111)

(USGS)
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Kinematic earthquake modeling

Represent source as surface distribution of body forces.

Far-field approximation: Source is concentrated at point.

Source-time

function Normal
ol
fp(mst) —A»S ( ) qullj'—()(w S .’BC).
‘ Oz, ‘
Area Stiffness ‘Centre”

tensor . .
(Aki & Richards 2002)
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Kinematic earthquake modeling

Kinematic rupture descriptions available for many earthquakes
(e.g, SRCMOD data-base http:.//equake-rc.info/srcmod/, USGS
earthquake catalog)

Inferred from observations by solving the inverse problem

But: Solutions of the inverse problem are strongly non-unique
due to ill-conditioning (Mai 2016)

Finite source by superposition

No description of stresses and strength necessary
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http://equake-rc.info/srcmod/

Hands on! (30 minutes)

We will go into breakout rooms to do the exercise in 2 groups.
Later we will meet again in the main zoom room.

The trainers will help you during the exercise, you will use the
Jupyter notebook.
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Task 1

Work through the Jupyter Notebook

Generate the mesh for our Northridge example

For more information on the meshing:
hitps:.//seissol.readthedocs.io/en/latest/amsh.html
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https://seissol.readthedocs.io/en/latest/gmsh.html

Task 2

Understand the parameter.par file

for help:
https.//seissol.readthedocs.io/en/latest/parameter-file.html
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https://seissol.readthedocs.io/en/latest/parameter-file.html

parameters.par

&equations

'yaml file defining spatial dependance of material properties
MaterialFileName = 'northridge_materialyaml'

/

&lIniCondition

/

&Boundaries

BC_fs=1 !enable free surface boundaries

BC_dr=0 !enable fault boundaries

BC_of =1 !enable absorbing boundaries

/

&Sourcelype

Type = 42 ! 42: finite source type in netcdf format
FileName = 'northridge_resampled.nrf' | name of input file
/

https://seissol.readthedocs.io/en/latest/parameter-file.html
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https://seissol.readthedocs.io/en/latest/parameter-file.html

parameters.par

&Spongelayer

/

&MeshNml

MeshFile = 'mesh_northridge.puml.h5’ ! hdf5 unstructured tetrahedral mesh
meshgenerator = ' PUML I name of mesh generator

/

&Discretization

CFL=05 I The Courant-Friedrichs-Levy (CFL) Stability Criterion (<=1.0)
ClusteredLTS =2

11 for global time-stepping, 2,3,5...for local time-stepping

I Elements are clustered by their time-step in the time bins

It_{mint * ClusteredLTS ¢, t_{min} " Clustered.TSMc+1])

I'where t_{min} = min_{elementl t_{element} and ¢ in N_0 is chosen such that
I't_{min} * ClusteredLTS"c <= t_{elementl

I Default choice: ClusteredLTS = 2

https://seissol.readthedocs.io/en/latest/parameter-file.html
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https://seissol.readthedocs.io/en/latest/parameter-file.html

parameters.par

https://seissol.readthedocs.io/en/latest/parameter-file.html

&Output

FaultOutputFlag = 0 Iwrite 2D dynamic rupture output across fault interfaces

OutputFile = 'output/test’ I output files will be written to a folder named ‘output’ and
all output files will have ‘test’ prefix

Format = 10 I'Volume output format (10= no output, 6=hdfs output)

! |stress  |vel

iOutputMask=111111111

Timelnterval = 5.0 I output time interval of volume output every 5 seconds

refinement = 1 I use sub-element refinement

| free surface output parameters

SurfaceOutput =1 I activate surface output

SurfaceOutputRefinement = 1 0

SurfaceOutputinterval = 1.0
printintervalCriterion = 2
I how output frequency is chosen, based on: 1=-#timesteps, 2-time (s), 3=timesteps+time
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https://seissol.readthedocs.io/en/latest/parameter-file.html

p aram ete I'S. p ar https://seissol.readthedocs.io/en/latest/parameter-file.html

pickdt = 0.005 I synthetic seismogram sampling of 0.005 s
pickDtType =1 I Pickpoint Type (1 = time, 2 = timestep(s))
nRecordPoints = 6 I number of receivers

RFileName = 'offreceivers.dat’ | receiver coordinates (ASCII file, x y 2)

Ixdmf\WriterBackend = 'posix’' ! (optional)

I The backend used in fault, wavefield, and free-surface output.

I The ‘'hdfs’ backend is only supported when SeisSol is compiled with HDF5 support.
/

&AbortCriteria

EndTime = 10.0 ! the simulation will run for 10 seconds physical time
/

&Analysis

/

&Debugging

/

ChEESE
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https://seissol.readthedocs.io/en/latest/parameter-file.html

offreceivers.dat

X1Vy1 71
X2 y2 72

X3Y37Z3

Locations of nRecordPoints seismometers recording during the simulation in (x,y,z)
iIn meters
positive z is up
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material.yaml — easi illustration

ILayeredModel
map: !AffineMap
matrix:
depth: [0.0, 0.0, -1.0]
translation:
depth: ©

interpolation: linear

1D model
rho, mu and lambda are assigned for specific depths
and linearly interpolated between the layers

parameters: [rho, mu, lambda]

nodes:

-100: [ 2600 ,5667078183.27402 ,5667078183.27402]
2000: [ 2600 ,16693624487.2577 ,16693624487.2577]
4000: [ 2700 ,48290591620.5055 ,48290591620.5054 ]
6000: [ 2700 ,60447064950.5947 ,60447064950.5947]
8000: [ 3000 ,84158664883.6690 ,84158664883.6689]

10000: [ 3000 ,108603910096.339 ,108603910096.339]
12000: [ 3300 ,141703292308.016 ,141703292308.016]
15000: [ 3300 ,230555644357.842 ,230555644357.842]
18000: [ 3500 ,290670977957.982 ,290670977957.982]
23000: [ 3500 ,583499107063.831 ,583499107063.831]
30000: [ 3800 ,13004698061216.9 ,13004698061216.9]
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‘Standard’ Rupture Format
(SRF)

ASCII file format to store moment tensor
sources (restricted to double-couple).

specification file;

http:.//hypocenterusc.edu/research/SRF/srf-
v2.0_revipdf
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http://hypocenter.usc.edu/research/SRF/srf-v2.0_rev1.pdf
http://hypocenter.usc.edu/research/SRF/srf-v2.0_rev1.pdf

‘Standard’ Rupture Format

(SRF)
LON LAT DEP STK DIP AREA TINIT DT ( VS DEN )
RAKE SLIP1 NT1 SLIP2 NT2 SLIP3 NT3 \
SR1[1] SR1[2] SR1[3] . . . SR1[NT1]
SR2[1] SR2[2] SR2[3] . . . SR2[NT3] ,
SR3[1] SR3[2] SR3[3] . . . SR3[NT3] version 2.0 only
LON longitude of subfault center
LAT latitude of subfault center
DEP depth of subfault center (km) 0.

ctrike

6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0
tsl]
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Task 3: Copying files from
Docker containers

Do you remember the name of your container? Replace
sleepy_carson by the name of your container:

$/> docker cp sleepy_carson:./home/training/northridge/output .

Above command copies the outputs of seissol to your
current working directory.
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ParaView for visualizing your results

195s

r’é%*m W‘

hortz. velocity (m/s)
P 20 <10 00 10 20
e ame [ o

2D SeisSol (Laptop)

e Time series (seismograms), 2D (fault, free
surface) and 3D output fields

e Paraview filters for simple post-processing

RS
Kaikoura: 29 mio elements, 90 sec.,
2 hours on 3000 Sandy Bridge cores
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local desktop/laptop, ParaView: open file

Il ParaView 5.8.1

Ela_Edit View Sources Filters Tools Catalyst Macros Help
@ BEO e G MaAD>DMS

o
N e @ ot S

Pipeline Browser

. B | Olayout #1® | +
B builtin:

» © o @ e = & AN

Time:|0 [HE

I X e dUARC? BCGGG

2 9

&

@R AN

Renderview1 |[1]| ]

=

Properties | Information
Properties B%

= Properties A=)
= Display B
== View (Render V ]
v Axes Grid Edit
Center Axes Visibility
Orientation Axes
¥ Orientation Axes Visibility
Orientation Axes Interactivity
@ Orientation Axes Label Color |+

@ Orientation Axes Outline Color v

Hidden Line Removal

Camera Parallel Projection

Background &
single color -
O Color ~| | Restore Default o< X
Ray Traced Rendering
Enable Ray Tracing

X (m)
]~1 08 06 04 02 0 02 04 06 08 l1

08| . /o8

0.6 0.6

04 04

02 02

/ B
-1 08 06 04 02 0 02 04 06 08 1
X (m)
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HI ParaView 58.1

local desktop/laptop, ParaView: load free surface 2D output

Flle Edit View Sources Filters Tools Catalyst Macros Help

MO »a Ff R

o
N E @ ot S

Pipeline Browser

B buitin:

| Properties | information

Properties ®

= Properties A=)
= Display B

= View (Render V

Q
iE]

v Axes Grid Edit
Center Axes Visibility

Orientation Axes

V! Orientation Axes Visibility
Orientation Axes Interactivity

@ Orientation Axes Label Color

@ Orientation Axes Outline Color

Hidden Line Removal
Camera Parallel Projection
Background
single color -
O Color ~| | Restore Default
Ray Traced Rendering

Enable Ray Tracing

Z KA D> DB mmep o

: | e

I X e dUARC? BCGGG

B® | oLayout #1® | +

B o@ &= AL ST

RenderViewl

I Open File: (open multiple files with <ctrl> key.)

Look in: | /import/freenas-m-05 aufiqurr 7_CHEESE_tr thridge_output/ |0 © O R |8
9 Examples Filename ~ Type

- | test-receiver-00001-00000.dat File

™ Home

test-receiver-00002-00000.dat File
| test-receiver-00003-00000.dat File
| test-receiver-00004-00000.dat File
test-receiver-00005-00000.dat File
/~_ Yest-receiver-00006-00000.dat File
B test-surface.xdmf
Lo,

‘est-surface_cell.hS File

test-surface_vertex.hs File
9 Northridge_output

P output_Sulawesi
7 viz
™ 07_CHEESE _training

P output_f100_o4_supermuc
File name:  |test-surface.xdmf

[

) Files of type: | Supported Files (*.bp md.idx *.bp *.bp *.bp *.bp4 plt* plt* *.inp *.cosmo *.cgns *.cml *.csv *.ts ~

Cancel

[
08 / -0.8
&

1 08 06 04 02 0 02 04 06 08 1
o< & X (m)
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local desktop/laptop, ParaView: load free surface 2D output

M ParaView 5.8.1 - X
File Edit View Sources Filters Tools Catalyst Macros Help
M BBO »a F R MAD>DMS mep o F @ e,
isReaas I X e dUARC? BCGGG
X E L : =13

Pipeline Browser

B® | oLayout #1® | +

B buittin: B @ o @ 5= E A @ e AAIR Renderviewl [I]| &1 O
H Open Data With... X
More than one reader for "/import/freenas-m-05-seissol/
taufiqurrahman/07_CHEESE_training/Northridge_output/test-
surface.xdmf” found. Please choose one: 06 08 1
Xdmf3Readers
dmf3ReaderT
DM\’ Reader 08
; 0.6
| Properties | Information
Properties B®
04
= = 02
= Properties cll@
= Displ )
isplay 0Y(m)
== View (Render V ]
v Axes Grid Edit 702
Center Axes Visibility
Orientation Axes
¥ Orientation Axes Visibil 04
AR L Opening the file with an incompatible reader may result in
Orientation Axes Interactivity unpredictable behavior or a crash. Please choose the correct reader.
@ Orientation Axes Label Color [+ 0.6
(rrrr— [oc J[ concel
Hidden Line Removal -U.g / X 0.8
Camera Parallel Projection
Background & RN N g
single color - -1 08 06 04 02 0 02 04 06 08 1
O Color -/ Restore Default o< X X (m)
Ray Traced Rendering
Enable Ray Tracing
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Bl ParaView 58.1

local desktop/laptop, ParaView: load free surface 2D output

Flle Edit View Sources Filters Tools Catalyst Macros Help

BN BBD v FEG KMAD> DM me -0 Hnaxen @
=

i 3% JoXMiedisti LAzl Beea
KL LLL 2 s @ ¢ &

Pipeline Browser B® | §layout #18 | +
B buitin:

B @0 @ s =A@ &R £ A S22 Renderviewl (1| O] ®

X (m)
]—1 08 06 04 02 0 02 04 06 08 l1

08 o8

0.6 0.6
Properties | Information

Properties

04 04

= Properties (test-surf = 0.2 02
Point Arrays

Y(m) 0 0Ym)

| Cell Arrays

v u

v 0.2 -0.2

v#w

V! { partition

e 04 o

VI w

0.6 0.6
Sets

Blocks | Hierarchy 0.8 / N
v Blocks i
v step_000000000000 Y

' step 000000000001 & R J
v step_000000000002
7 5teh 000000000003 -1 08 06 04 02 0 02 04 06 08 1

V' step 000000000004 oz & X (m)

v step_000000000005

! step 000000000006

V' step_000000000007

' step 000000000008

v step_000000000009

W step_000000000010

g 0
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local desktop/laptop, ParaView: analyse free surface output

Bl ParaView 58.1
Flle Edit View Sources Filters Tools Catalyst Macros Help

[mln N RO & KaAa>DMD
@i 3 #oaon - Surface

PEBTOc2on RIWE
Pipeline Browser ®® [ o Layout #18® | +

Time: 0~ [0 [tfimaxis100 @ @

I XxedBhdARC? BC6QG

Renderview1 |[1]| =

ol

Properties | Information

Properties ex

Search ... (use Esc to clear text
= Properties (test-surf
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V] Cell Arrays

RNENENENEENEY
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' step_000000000004 Pr A ¢
| step 000000000005
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| step_000000000007

| step 000000000008

| step_000000000009

| step_000000000010 =
1 v

g buitin: ® ST TG E e
* test-surface.xdmf

partition
0.0 0.0 0.0 0.0

’ U e
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local desktop/laptop, ParaView: select an output attribute

u, v, W velocity
U, V, W : displacq

B0 Paraview 5.8.1
Flle Edit View Sources Filters

(=N ROM

® solid Color

@u Help

# v (a>DMS
# w

B i s o o

Pipeline Browser
@ builtin:

e - testsurface. xdmf
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Properties

Search ... (use Esc to clear text
= Properties (test-surf

Point Arrays
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partition
u
v
& w

RNENENENEENEY
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| Blocks
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local desktop/laptop, ParaView: move to the last time step

1t oo
File

(581

View Sources Filters Tools Catalyst Macros Help
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1 v

Undo Change representation type x|
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1 Paraview 58.1

local desktop/laptop, ParaView: rescale to data ran

Flle Edit View Sources Filters Tools Catalyst Macros Help
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local desktop/laptop, ParaView: rescale to custom

11 Paraview 5.8.1
Flle Edit View Sources

[l R

Pipeline Browsd!
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local desktop/laptop, ParaView: rescale to custom data range
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local desktop/laptop, ParaView: show element edges
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local desktop/laptop, ParaView: show element edges
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local desktop/laptop, ParaView: calculator
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local desktop/laptop, ParaView: calculator *
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local desktop/laptop, ParaView: TemporalStatistics filter
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local desktop/laptop, ParaView: TemporalStatistics filter
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local desktop/laptop, ParaView: TemporalStatistics filter
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local desktop/laptop, ParaView: simple shake map
maximum value of all timesteps (~peak ground velocity)
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Done (for now)!

Let's get back to the main zoom room
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Examples 2 and 3 - geometrically simple
and complex 3D dynamic rupture

modeling

seismic wave propagation non-linearly coupled to frictional
failure following linear slip weakening and fast velocity
weakening friction laws and to off-fault plastic deformation
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Dynamic earthquake modeling

Goal: prediction of time histories of the ground motion
— Will be used for engineering purposes/hazard assessment

Can model complex phenomena of large earthquakes which
may originate from frictional and stress heterogeneities (physics
based)

Predescribed fault geometry

Frictional constitutive law is needed
(derived from frictional experiments)

Challenge: dynamic source analysis is computationally expensive
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Advantages of dynamic earthquake rupture modeling

Capture high variability of source dynamics in a physics-based
manner

Spontaneously generate a variability of rupture styles
(cracks/pulses)

Capture dynamic fault interaction, dynamic triggering,
slip-reactivation

Capture supershear propagation, multiple rupture fronts and
co-seismic off-fault deformation
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Community benchmark “TPV 13"

SCEC/USGS led effort to verify
many codes for dynamic M
rupture (and seismic cycling)

problems 60° | i

TPV13: a 3D dipping fault é”f 3:/ Wea %
SN m ea

allowing for continuous plastic ? S/ T

deformation off the fault etrong 30 km

Vp, Vs, p

https://strike.scec.org/cvws/tpvi2_13docs.html
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https://strike.scec.org/cvws/tpv12_13docs.html

Description of TPV13

Spontaneous rupture on a 60-degree dipping normal fault

Geometry: 30 by 15 km planar fault interface

Homogeneous half-space: Vp=5716 m/s, Vs=3300 m/s, rho=2700 km/m3
Non-associative Drucker-Prager plasticity

Linear-slip weakening friction (LSW)

Initial stress conditions are depth-dependent

Prescribed nucleation zone: square, 1.5 km size

Supershear initial conditions (ratio of fault strength to initial loading)
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parameters.par

&equations

MaterialFileName = ‘tpvi2_13_materialyaml l include material parameter.
Plasticity = 1 | off-fault plasticity, purely elastic = 0
Tv =0.03 I viscoplastic relaxation time

/

&Boundaries

BC_fs=1 | free surface boundary condition
BC_dr=1 I dynamic rupture fault boundary condition
BC_of=1 I absorbing boundary condition

/

for more details look at: https.//seissol.readthedocs.io/en/latest/tpvi3.html

ChEESE 55



https://seissol.readthedocs.io/en/latest/tpv13.html

<https://seissol.readthedocs.io/en/latest/p

file html?highlight=-ref %20poi
po I"O m eterS. po r. iiirrrgéinci_otgnt;q ight=reference?%20poi
&DynamicRupture

FL=2 I FL=2: use linear-slip weakening friction law

ModelFileName = 'tpvi2_13_faultyaml

XRef = 0.0 I Reference point

YRef = -1.0

ZRef=0.0

OutputPointType = 5

I Type (0 : no output; 3: ASCII fault receivers; 4 : paraview file; 5 : both)

/
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https://seissol.readthedocs.io/en/latest/parameter-file.html?highlight=reference%20point#reference-point
https://seissol.readthedocs.io/en/latest/parameter-file.html?highlight=reference%20point#reference-point
https://seissol.readthedocs.io/en/latest/parameter-file.html?highlight=reference%20point#reference-point

RF_output_on = 0 I Rupture front ascii output
magnitude_output_on =1 I Moment magnitude output
energy_rate_output_on = 0 ' Moment rate output
OutputPointType = 4

/

&Elementwise I Paraview fault output

printintervalCriterion = 2 | 1=iteration, 2=time

printtimeinterval_sec = 1.0 I Time interval at which output will be written
OutputMask-=11101111111 I output 1/ yes, 0/ no - position: (further details next slide)
refinement_strategy = 2 I triangles are split into 4 triangles

refinement =1 I subdivides each triangle

/
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Out PU tMask https.//seissol.readthedocs.io/en/latest/fault-output.html

B o =2
N

CO NSOV~ wWDN R

SRs and SRd: slip rates in strike and dip direction

T_s, T_d: transient shear stress in strike and dip direction, P_n: transient normal stress
U_n: normal velocity (note that there is no fault opening in SeisSol)

Mud: current friction, StV: state variable in case of RS friction

Tso,Tdo,Pno: total stress, including initial stress

Sls and Sld: fault slip in strike and dip direction

Vr: rupture speed, computed from the spatial derivatives of the rupture time
ASL. accumulated slip

PSR: peak slip rate

RT: rupture time

DS: only with linear slip-weakening friction, time at which ASI>D_c

P_f and Tmp: pore fluid pressure and temperature for thermal pressurization
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https://seissol.readthedocs.io/en/latest/fault-output.html

parameters.par

&MeshNml

MeshFile = 'tpvi3_training.pumlLh5’ I Name of mesh file in HDF5 format
meshgenerator = 'PUML I Name of mesh generator

/

&Discretization
CFL=05 I The Courant-Friedrichs-Levy (CFL) Stability Criterion (<=1.0)

ClusteredLTS=2
I'1 for Global time stepping, 2,3,5... Local time stepping (advised value 2)
I ClusteredLTS defines the multi-rate for the time steps of the clusters 2 for Local time

stepping
/
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&Output

FaultOutputFlag = 1 I DR output (add this line only if DR is active)
OutputFile = ‘'output/tpvi3z’
Format = 10 I Format (10=no output, 6=hdfs output)

! |stress  |vel

iOutputMask=111111111

Timelnterval = 5. I Index of printed info at time
refinement = 1

I Free surface output
SurfaceOutput =1
SurfaceOutputRefinement = 1
SurfaceOutputinterval = 5.0

printintervalCriterion = 2 I Criterion for index of printed info: 1=timesteps,2-time,3=timesteps+time
pickdt = 0.005 I Pickpoint Sampling

pickDtType =1 I Pickpoint Type

nRecordPoints = 0 I number of Record points which are read from file

RFileName = 'tpvi2_13_receivers.dat’ ! Record Points in extra file

&AbortCriteria

EndTime = 8.0

/ .
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tpvl3_material.yaml

ISwitch
[rho, mu, lambda, plastCo, bulkFrictionl: !IConstantMap
map:
rho: 2700
mui 2.0403e+010
lambda: 2.041e+010
plastCo: 1.0e+06
bulkFriction: 0.60

[S_xX, S_yVy, S_77, s_Xy, s_yz, s_xzl: lInclude tpva3_initial_stress.yaml
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tpvi3_initial_stress.yaml

ISwitch
[s_xX, s_yy, s_zzl: IFunctionMap < https:/easyinit.readthedocs.io/en/latest/maps.html#functionmap >
map:

depth: return abs(z);

s_max_minus_Pf: return 9.8 * (2700.0 - 1000.0);

components:
# Upper region (includes fault)
- lIAxisAlignedCuboidalDomainFilter < https://easyinit.readthedocs.io/en/latest/filters.html >
limits:
depth: [0, 11951.15]
s_max_minus_Pf: [-.inf, .inf] A ke
components: IFunctionMap above 11951.15m
map: . . L. X L o 26460 Pa/m x H
# Round to two significant digits as in benchmark description
s_xx: return -0.01 * round(100.0 " (0.5 * (1.0 + 0.3496) " s_max_minus_Pf)) * o3 15624.3 Pa/m x H
depth; o) (01 +03)/2
S_yy: return -0.01 " round(100.0 " (0.3496 * s_max_minus_Pf)) " depth; .
s_zz: return -s_max_minus_Pf * depth: £ 1000kg/m* x 9.8m/s” x H
# Lower region (excludes fault) below 11951.15 m
- IFunctionMap s )
map: 01,02,03 2700kg/m” x 9.8m/s” x H
s_xx: return -s_max_minus_Pf " depth;
s_yy: return -s_max_minus_Pf " depth;
s_zz: return -s_max_minus_Pf * depth; <https:./strike.scec.org/cvws/tpviz_13docs.html>
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https://easyinit.readthedocs.io/en/latest/maps.html#functionmap
https://easyinit.readthedocs.io/en/latest/filters.html
https://strike.scec.org/cvws/tpv12_13docs.html

tpv13_fault.yaml

ISwitch
[S_XX, S_YyY, S_zzZ, s_xy, s_yz, s_xz|: liInclude tpvi3_initial_stress.yaml
[mu_s, mu_d, d_c, cohesionl: !ldentityMap
components:
# Inside nucleation patch
- IAxisAlignedCuboidalDomainFilter

limits:
x: [-1500, 1500]
y: [-inf, .inf]

Z: [-11691.34295108992, -9093.266739736605]
components: !IConstantMap
map:
mu_s: 0.54
mu_d: 0.10
d_c 0.50
cohesion: -200000
# Outside nucleation patch
- IConstantMap
map:
mu_s: 0.70
mu_d: 0.10
d_c: 0.50
cohesion: -200000

63

ChEESE




64

020

(&)

ChEESE

valocrty (= g)
000

)

Q

=

- , 7

C a4 5\,, :

& -
Q <
O{O\ g d
E :

o <

2

© i

C 0 5

O oo

I

o 00

000

<Y




Task 1

Look at the tpvi3_training.geo file and try to
understand the meshing instructions

Create a finer resolved mesh by adjusting the

h_fault parameter
(hucleation zone: 300 M, remaining fault:600 m high-order element

edge length)

65

ChEESE




tpv13_training .geo file: geometry

DefineConstant[ h_domain = {5e3, Min 0, Max 500e3, Name "Mesh spacing in domain" } [;
DefineConstant[ h_fault = {1000.0, Min 0, Max 30e3, Name "Mesh spacing on fault" } [;
DefineConstant[ h_nucl = {500.0, Min 0, Max 3e3, Name "Mesh spacing on nucleation patch"} .
DefineConstant| dip = {60.0, Min 0, Max 90, Name "Fault dip" 1 [;

SetFactory("OpenCASCADE");

l_f = 30e3; //Fault length @
w_f = 15e3; //Fault width \

dip_rad = dip"Pi/180., //Fault dip

<https:.//amsh.info/>
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https://gmsh.info/

GMSH .geo file

// Square nucleation patch in local coordinates
X_Nn=0e3;

Z_N=-12€e3,

l_n = 3e3;

w_n=3e3,

// Create nucleation patch

nucl = news; Rectangle(nucl) = {x_n-1_n/2,z_n-w_n/2, 0, l_n, w_nl,
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GMSH .geo file

/7 Domain size: 3-4 times of the fault's

dimension
X0 = -45€3;
X1 = -X0;
YO = -36e3;
Y1 =-YO;
/0 = -42e3:

// Create the domain

domain = hewyv; Box(domain) = {X0, YO,

Z0, X1-X0, Y1-Y0, -Zok}

N

x
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GMSH .geo file

//create the fault

fault = news; Rectangle(fault) = {-l_f/2,

-w_f, o, LLf w_fl

// Rotate the fault
Rotatef{ {1, 0, o}, {0, 0, o}, dip_rad H{

Surfacelfault, nucl};
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GMSH .geo file

https://seissol.readthedocs.io/en/latest/amsh.htm#boundary-conditions

// Define boundary conditions

// free surface faultboundary free surface
Physical Surface(1) = {toplll;

// fault boundaries

Physical Surface(3) = {fault_finalll};

// absorbing boundaries

Physical Surface(s) = {otherlll;

absorbing boundaries Q

X
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https://seissol.readthedocs.io/en/latest/gmsh.html#boundary-conditions

Task 2

Understand the "BooleanFragments” operation in
the .geo file

Run the 3D DR earthquake scenario

Adjust the OMP_NUM_THREADS variable to match
the number of cores on your PC or laptop

Visualize the fault output
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Boolean operations

Can be applied on curves, surfaces and volumes
We use it to intersect the domain with the fault

General syntax:
BooleanFragments { boolean-list } { boolean-list }

Computes all the fragments resulting from the intersection of the
entities in the object and in the tool, making all interfaces conformal.

When applied to entities of different dimensions, the lower dimensional
entities will be automatically embedded in the higher dimensional
entities if they are not on their boundary
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Task 3

Run SeisSol once with rate-2 local time-stepping
(LTS) and once with global time-stepping (GTS)

Compute the speed-up and compare it to the
theoretical speed-up due to LTS
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Task 4

Turn off plasticity
Analyse differences between the 2 models
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local desktop/laptop, Paraview: open file
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local desktop/laptop, Paraview: load
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local desktop/laptop, Paraview: load output file
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local desktop/laptop, Paraview: load output file
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local desktop/laptop, Paraview: load output file
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local desktop/laptop, Paraview: select a fault attribute
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local desktop/laptop, Paraview: choose a specific time step

2) Data scale
is too small,
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data range
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local desktop/laptop, Paraview: rescale to data range
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local desktop/laptop, Paraview: add time annotation
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local desktop/laptop, Paraview: add time annotatio

change time
annotation
font color
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local desktop/laptop, Paraview: show rupture velocity
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local desktop/laptop, Paraview: add plastic strain output
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local desktop/laptop, Paraview: add plastic strain output
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local desktop/laptop, Paraview: add plastic strain output

Bl ParaView 58.1
Flle Edit View Sources Filters Tools Catalyst Macros Help

[l R RN FEG KAD> DS e - Flmxsi @ G
i@aass ~adiididc? Beea
K L Lol ] e o P 4

Pipeline Browser B® | 0 rayout #1® | +
B buitin: @ @ > @ =8 A 2 % Renderviewl |[1| = 0| ®
@ L@ tpy.faultxdmf

Time: 4.000000

X (m)
-1400012000100008000-6000-4000-2000 0 2000 4000 6000 8000 100001200014000 o

Properties Information
Properties e®
= ol -2000 -2000
. -4000 -4000
= properties g1z | e R o
Point Arrays |
2° ReAGN)
| Cell Arrays
v & -8000 -8000
v
v epxz
VI ¥ epyy -10000 -10000
v epyz
V| F epzz
1 4 eta -12000 N : & -12000
V| (¥ partition A < -
e -140001 2009100008000-6000-4000-2000)( (0 )2000 4000 6000 8000 100001200014000
m

Blocks | Hierarchy

| Blocks

! step_000000000000 &
| step_000000000001
| step_000000000002
| step_000000000003 Yoo X
| step_000000000004
| step_000000000005

W step_000000000006 Vr
¥ 000000000008 0.0 5000 1000.0 1500.0 2000.0 2500.0 3300.0

v step 000000000009 - | | |

0]

EREESE 88




local desktop/laptop, Paraview: add plastic strain output
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locol deskton/lnnton Paraview: color moon editor
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local desktop/laptop, Paraview: color map editor
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local desktop/loptop, Paraview: edit scalebar
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local desktop/laptop, Paraview:
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local desktop/laptop, Paraview: change colormap
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local desktop/laptop, Paraview: model clip
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Done !l =3

Let's go back to the main Zoom room
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Example 3
The Palu Sulawesi earthquake
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Example 3 (dynamic):
2018 Mw7.5 Palu, Sulawesi earthquake

Left-lateral, dominantly strike-slip faulting on

overall straight and connected fault 05°s
segments .
— Back projection and
Powerful localized tsunami INSar analysis of the
Palu EQ, Bao et al.
4,340 fatalities, (2010)

deadliest earthquake of 2018

Supershear rupture

1:52°S:H

Along-track displacement (m)

. 0 . ! =
Triggered tsunami from landslides 119.5°E 120.0° E
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https://www.nature.com/articles/s41561-018-0297-z
https://www.nature.com/articles/s41561-018-0297-z

Tectonic loading -
Strike-slip fault L
system "
Shallow depths 6
Followed by an ) 8 /'

unexpected localized
tsunami within Palu

Bay —12°§

116° 120° 124° 128° 132¢

Australian plab r
T 12°

Tectonic setting of the September 28, 2018 Mw 7.5

Sulawesi earthquake
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Sulawesi earthquake - fault system

119.5° 120.0°

Makassar
Strait

119.5° 120.0°

The later two events provide
constraints on the dip angles of
individual segments of the fault
network

A complex 3D fault system can
be created

left: Focal mechanisms and epicenters of the
September 28, 2018 Palu earthquake (USGS (2018a),
top), October 1, 2018 Palu aftershock (middle), and
January 23, 2005 Sulawesi earthquake (bottom)

right: 3D model of the fault hetwork viewed from top

(Ulrich et al,, 2019)
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Parameters setup

A parameter file: parameters.par

Several dependent files: yaml:

“fault.yaml contains fault parameters
“initial_stess.yaml contains initial stresses in 3D
"material_3d.yaml assigns the initial stresses and Lame parameters

"*nucleation_stress.yaml forced nucleation within predefined patch
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parameters.par

&equations

MaterialFileName = 'Sulawesi_material3d.yaml’

loff-fault plasticity parameter (ignored in Plasticity=0)
Plasticity=1

Tv=0.05

IAttenuation parameters (ignored if not compiled with attenuation)
FreqCentral=0.3

FregRatio=100

/

&lIniCondition

/

&Boundaries

BC_fs=1 I enable free surface boundaries

BC_dr=1 I enable fault boundaries
BC_of =1 I enable absorbing boundaries
/
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parameters.par

&DynamicRupture

FL =103 I Friction law rate and state friction with strong
velocity weakening

lyaml file defining spatial dependance of fault properties

ModelFileName = 'Sulawesi_faultyaml'

Inon spatially dependent fault parameters
RS_fo=0.6

RS_sro = 1d-6

RS_b = 0.014

Mu_W=0.1

RS_iniSlipRate1 = 1d-16

RS_iniSlipRate2 = 0do

t_0=05
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parameters.par

Ireference vector for defining strike and dip direction

XRef = -0.1 | Reference point

YRef = 0.0

/ZRef=-1.0

refPointMethod = 1

RF_output_on =0 I Rupture front ascii output
magnitude_output_on =0 I Moment magnitude output
energy_rate_output_on =1 I Moment rate output
OutputPointType = 5 | Type (5. ascii file and paraview file)
/
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parameters.par

Isee: https://seissol.readthedocs.io/en/latest/fault-output.html
| parameterize paraview file output
&Elementwise

printintervalCriterion = 2 I 1=iteration, 2-=time
printtimeinterval_sec = 0.5 I time interval at which output will be written
OutputMask=11111111111 I turn on and off fault outputs

refinement_strategy = 2
refinement = 1

/

| parameterize ascii fault file outputs

&Pickpoint

printtimeinterval = 1 I Index of printed info at timesteps
OutputMask=11111111111 I turn on and off fault outputs

nOutpoints = 1
PPFileName = 'faultreceiver_hypocenter.dat'
/
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https://seissol.readthedocs.io/en/latest/fault-output.html

parameters.par

&MeshNml

MeshFile = 'Sulawesi_65dip_straightBay_ShortNorth_micro’

meshgenerator = 'PUML I Name of meshgenerator (PUML)

/

&Discretization

CFL=05 I CFL number (<=1.0)

ClusteredLTS = 2 | 2: Local time stepping

IClusteredLTS defines the multi-rate for the time steps of the clusters 2 for Local
time stepping

/
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parameters.par

FaultOutputFlag = 1
only if active)

OutputFile = 'output/Sulawesi’

Format = 10

! |stress lvel
iOutputMask=000000111
printintervalCriterion = 2
Timelnterval = 5.

refinement = 2

I Dynamic Rupture output (add this line

| Format (10= no output, 6=hdfs output)

| Criteria for index of printed info (2=time)
I Index of printed info at time
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parameters.par

| off-fault ascii receivers

nRecordPoints = 33 I number of Record points which are read from file
RFileName = 'GPSfiltered_proj_2oom_8e6.dat’ ! Record Points in extra file

pickdt = 0.01 I Pickpoint Sampling

pickDtType = 1 I Pickpoint Type

I (Optional) Synchronization point for receivers.
IIf omitted, receivers are written at the end of the simulation.
ReceiverOutputinterval = 1.0

| Free surface output
SurfaceOutput = 1
SurfaceOutputRefinement =1
SurfaceOutputinterval = 0.25
IReceiverOutputinterval = 0.05

xdmf\WriterBackend = 'posix’ ! (optional)

EREESE 108




Sulaowesi earthquake - 3D material properties

V, (km/s) 19.5° 120.0°~
4.20 2

S-wave speeds (Vs) on five
cross-sections of the 3D
subsurface structure of
Awaliah et al. (2018),
incorporated into the model

(Ulrich et al., 2019)
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Hands on! (30 minutes)
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Task 1

Follow the Jupyter notebook to see how the mesh
of the Palu Sulawesi earthquake scenario was
generated
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Task 2: login to training cluster &
copy the generated mesh to the cluster

$ ssh scasoXXX@training.hlrs.de
$ SULAWESI=-$(ws_allocate sulawesi 10)

$ cd $SULAWESI

on your local machine:

$ docker cp sleepy_carson./home/training/sulawesi/ .

$Scp -r sulawesi gscaXXXXX@training.hlrs.de:/path/to/workspace/
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training cluster:
What is a job script?

#!/bin/bash

#PBS -N seissol

# name of the job

#PBS -I select=1:node_type=sb:ncpus=8:mpiprocs=1:mem=14gb,walltime=02:00:00
# 1 node (sandbridge architecture), 8 CPU, 1 rank, 14Gb of Ram, 2h walltime# ....

cd $PBS_O_WORKDIR

# directory from which the job was submitted (same as where the input files are)
module load compiler/intel

module load mpi/impi

# OpenMP (multi-threading) settings

OMP_NUM_THREADS=8

OMP_PROC_BIND="spread"

OMP_PLACES="cores"

# Run SeisSol with MPI

mpirun -n 1 /shared/cheese/seissol/env/bin/SeisSol_Release _dsnb_4 elastic parametersRS.par
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training cluster:
run SeisSol

$ cd SULAWESI

(before submit job, please check if parameter files, mesh file,
etc, exists in current folder !)

$ qsub submit.sh
To check job status:
$ gstat

To delete a job:
$ qdel job_identifier
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desktop/laptop:
post-processing

Copy output files from remote (HLRS) to local
(desktop/laptop)

In your terminal:

S scp -r scaXXXXX@training.hlrs.de:/path/to/workspace/ .

We will use Paraview to visualize the surface and fault output
Back up output link:

/shared/cheese/seissol/outputs/sulawesi/RS supershear
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Task 3

Proceed with the Jupyter notebook and run the
linear slip weakening dynamic rupture model
(which one is faster :-D)
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Task 4

Visualize the fault output for both, the Jupyter and
the cluster example
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local desktop/laptop, Paraview: PGV map

follow
previous
exercise to
generate
PGV map
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local desktop/laptop, Paraview: fault slip

load
fault output

{#HI ParaView 5.8.1
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local desktop/laptop, Paraview: rupture velocity

manually
rescale data
to range
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Done (for now)!

Let's get back to the main zoom room
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Rapid earthquake/tsunami modeling -
The 2018, Palu-Sulawesi Event

Ulrich et al., PAGEOPH 2019

Vertical displacements + Contribution of horizontal
displacements Tanioka and Satake (1996)

Step of ~1.5m across fault due to normal faulting
component and horizontal movements beneath
bathtub-like bathymetry
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3D Acoustic-Elastic Coupling with Gravity: The Dynamics
of the 2018 Palu, Sulawesi Earthquake and Tsunami

Krenz et al., 2021 https://arxiv.ora/pdf/2107.06640.pdf
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Figure 1: 3D fully coupled acoustic-elastic model with gravity of the 2018 Sulawesi supershear earthquake and local tsunami
in Palu Bay. (a) Map view of the vertical sea surface velocity at 15s simulation time. The star indicates the earthquake epi-
center. Black lines mark the traces of a system of complex faults. (b) Sea surface height (m, same color map as in (d)) at 60s
(warped vertical displacements in the bay, amplified x2000). (c) 3D view of earthquake and tsunami model in Palu Bay. Par-
ticle velocity (slip rate) across the faults, vertical sea-surface and Earth ground velocity at 15s. Dynamic earthquake rupture,
propagating faster than the shear-wave velocity of the surrounding rocks, generates a clearly visible Mach cone altering the
acoustic response of the ocean. (d) Sea surface height (vertical displacements in Palu Bay) at 15s.

ChEESE

124



https://arxiv.org/pdf/2107.06640.pdf

https://seissol.readthedocs.io/en/latest/index.html

A SeisSol

Docs » SeisSol ) Edit on GitHub

Search docs

SeisSol

History SeisSol is a software package for simulating wave propagation and dynamic rupture based on the

Compilation arbitrary high-order accurate derivative discontinuous Galerkin method (ADER-DG).

A first example

Characteristics of the SeisSol simulation software are:

Acknowledgements

Related publications » use of arbitrarily high approximation order in time and space

o use of tetrahedral meshes to approximate complex 3D model geometries (faults & topography)
and rapid model generation

CAD models o use of elastic, viscoelastic and viscoplastic material to approximate realistic geological

Meshing with SimModeler subsurface properties

o parallel geo-information input (ASAGI)

o to produce reliable and sufficiently accurate synthetic seismograms or other seismological data
Gmsh
set

Meshing with PUMGen
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https://seissol.readthedocs.io/en/latest/index.html

SeisSol further examples, references and
available reproducible models

SCEC TPV29 - rough fault SCEC TPV24 branched fault

10e+4  15esd
(—Fi%ﬂfgki*i*éﬁ“iﬁ ~
|

more examples at SeisSol documentation
<https://seissol.readthedocs.io/en/latest/cookbook_overview.html>
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SeisSol further examples, references and
available reproducible models

Palgunadi, Kadek Hendrawan, Alice-Agnes Gabriel, Thomas Ulrich, José Angel Lopéz-Comino, and Paul Martin Mai (2020), Dynamic Fault Interaction
during a Fluid-Injection-Induced Earthquake: The 2017 Mw 5.5 Pohang Event, BSSA, doi:10.1785/0120200106, open access version available at
https://eartharxiv.org/w5b9s/.

Ulrich, Thomas, Alice-Agnes Gabriel, Jean-Paul Ampuero, and Wenbin Xu (2019), Dynamic viability of the 2016 Mw 7.8 Kaikoura earthquake cascade
on weak crustal faults, Nature Communications, 10(1213), doi:10.1038/s41467-019-09125-w.

Ulrich, Thomas, Stefan Vater, Elizabeth H. Madden, Joern Behrens, Ylona van Dinther, Iris van Zelst, Eric J. Fielding, Cunren Liang, and Alice-Agnes
Gabriel (2019), Coupled, Physics-based Modelling Reveals Earthquake Displacements are Critical to the 2018 Palu, Sulawesi Tsunami, Pure and Applied
Geophysics

Wollherr, Stephanie, Alice-Agnes Gabriel, and Paul Martin Mai (2019), Landers 1992 "reloaded”: an integrative dynamic earthquake rupture model,
Journal of Geophysical Research - Solid Earth, 124, doi:10.1029/2018JB016355,

Wollherr, Stephanie, Alice-Agnes Gabriel, and Carsten Uphoff (2018), Off-fault plasticity in three-dimensional dynamic rupture simulations using a
modal Discontinuous Galerkin method on unstructured meshes: Implementation, verification, and application, Geoph.J.Int., 214(3), 1556—1584,
doi:10.1093/gji/ggy213.

Uphoff, Carsten, Sebastian Rettenberger, Michael Bader, Elizabeth H. Madden, Thomas Ulrich, Stephanie Wollherr, and Alice-Agnes Gabriel (2017),
Extreme Scale Multi-Physics Simulations of the Tsunamigenic 2004 Sumatra Megathrust Earthquake, Proceedings of the International Conference for High
Performance Computing, Networking, Storage and Analysis SC17, doi:10.1145/3126908.3126948.

Rettenberger, Sebastian, Oliver Meister, Michael Bader, and Alice-Agnes Gabriel (2016), ASAGI - A Parallel Server for Adapative Geoinformation, in
2016 Exascale Applications and Software Conference (EASC2016) Proceedings, doi:10.1145/2938615.2938618.

Breuer, Alexander, Alexander Heinecke, Sebastian Rettenberger, Michael Bader, Alice-Agnes Gabriel, and Christian Pelties (2014), Sustained
Petascale Performance of Seismic Simulations with SeisSol on SuperMUC, in International Supercomputing Conference (ISC) Proceedings, Lecture Notes in
Computer Science, vol. 8488, pp. 1-18, Springer International Publishing, doi:10.1007/978-3-319-07518-1_1, PRACE ISC Award Winning Paper.
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SeisSol further examples, references and
available reproducible models

https:.//zenodo.org/record/2538024

January 11,2019 | owmee JERRSSY
148 243

SeisSol model setup of the Kaikoura's dynamic . e
rupture model of Ulrich et al. e — May 29,2010 v [ s

Ulrich, Thomas; Gabriel, Alice-Agnes; Ampuero, Jean-Paul; Xu, Wenbin . .
Al data required o un the dynamic upture modelof the Kaikoura earthquake presented n Urich, T, Gabriel, A A, SeisSol dynam|c rupture model setup of the

Ampuero, J. P, & Xu, W. (2018). Dynamic viability of the 2016 Mw 7.8 Kaikura earthquake cascade on weak crustal faults. @ views & downloads

Nt aime o sommoriang v s and ot (ot 250 pronted Mw 7.5 Palu earthquake scenario published in S———

Fiesaaca v OpGﬂA'RE Ulrich et al. (2019)

Name. Size Thomas Ulrich; Stefan Vater; Elizabeth H. Madden; Joem Behrens; Ylona van Dinther; Iris van Zelst; Eric J. Fielding; Cunren

Liang; Alice-Agnes Gabriel
NZ_asaginc 757MB & Download g g ndexed in
All data required to run the dynamic rupture model of the Palu earthquake presented in

https:.//zenodo.org/record/3234664

(... [EEE

[

Upload

95 188

m 918d6191923e12048;

: Publication date: Ulrich, T, Vater, S, Madden, E. H, Behrens, J, van Dinther, Y, van Zelst, | Fielding, E. J,, Liang, C. & Gabriel, A. A. (2019).
NZ_asag_attnc 50.5MB & Download January 11,2019 Coupled, Physics-based Modeling Reveals Earthquake Displacements are Critical to the 2018 Palu, Sulawesi Tsunami. doi

Do 10.31223/0sf.io/3bwqa.
A detailed reacime file summarizing the data and data formats s also provided
NZ_fault.yaml 118 & Download “°;",“ (foqnie .
(2 Creative Commons Attribution 4.0 Interational Files (3418 MB). -
mdsiBe 327€7Mb4Toebbaf0dB2cs Publication date:
Name size May 29,2019
NZ_initial_stress. yam 38k & Download
Versions 3dvel_Sulawesi.nc 12MB 2 Download
NZ_material.yam 860 Bytes & Download Version 1 Jan11,2019 | mdSfec1b60basS PO (Z Creative Commons Attribution 4.0 International
10.5281/zenodo 2538024
T A 3dvel_Sulawesi_BMKG.nc 219.0k8 & Download

Gite all versions? You can cite ll versions by using the DOI
12k8 & Download 105 This DOI represents all versions,

andwilsviays resoe o the tet one. Rea ore i
) faultreceiver_hypocenter dat 41 Bytes & ounload Vel

NZ_nuck md5431ed396ebf3d471 7diba24ad13d6ab2 @

zenodo 2

Version 1 May 29,2019
10,5281/zen0do 3234664

10af1245(365939b2a80c

GPSfiltered_proj_200m_8e6.dat 17kB & Download
Cite all versions? You can cite all versions by using the DOI
md526419db0{555010802471 1635209140 @ 10,5281 /2en00.3234663. This DO represens allversions,
and will always resolve to the latest one. Read more.
parameters.par 41k8 & Download
[ 3
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Add-on (if time allows)
building a 3D model with
complicated geometries
using SimModeler




Geometry

We will build a 3D model with complicated geometries using
SimModeler:

1. Creating a high resolution topography and bathymetry free surface
and merge it with a simple box model

2. Creating complex fault networks constrained by fault traces and dip
3. Volume meshing with unstructured tetrahedral meshing
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Creating the topographic layer

We create the topography
from a NetCDF file
downloaded from GEBCO
https./www.gebco.net/.

We then project the data,
triangulate it, and
export it as stl (list of triangles):

118.06834, -2.09052

Define your search box coordinates - input order is most westerly, southerly, easterly, northerly. Alternatively use keyboard Shift+mouse Left Click and Drag a box
to define your area of interest on the above map

Clear

Coordinates should be decimal degrees (maximum - 5 decimal places) where West and South are entered as
example 20 W,5S,10 W, 2N =-20.0-5.0-10.0,2.0

118,-3121.2

negatives and East and North as positives. For

python createGOCADTSurfNXNY netcdf.py --proj +init=EPSG:23839
data/GEBCO 2014 2D 118.1904 -2.4353 121.6855 1.0113.nc bathy.stl
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https://www.gebco.net/

We then load the stl file into
SimModeler:;

File > Import discrete data > bathy.stl
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Note that in SimModeler import options, importing with a small angle
isolate tiny faces from the main surface, that then needs to be
accounted for by the mesh.

[] Find Planar Faces

Num. Faces |500

Tolerance Angle |1.5

¥/ Find Edges by Face Normals
Normal Angle ‘40 ]

¥ Vertex Detection
Angle Along Edge |90 |

¥ Eliminate Dangling Edges

[] Add New Part in Current Model N

l‘ Cancel { ‘ oK |
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Creating the domain box

We generate a simple box with Gmsh:
gmsh -2 create box.geo —-format stl

The box dimensions are such as the
topography is slightly wider than the
box. The mesh size is chosen small
enough to facilitate intersection with
topography and large enough to limit
the number of elements.

mesh size = 10e3;

Xmax = -160e3; Xmin = 215e3;
Ymin = 1235e3; Ymax = 1605e3;
Zmin = -200e3; Zmax = b5e3;
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Merging topographic layer with box model

We first import create box.stl with
import options:

activating ‘Edges by Face Normals'
with normal angle 60-,

activating ‘Vertex Detection’ with
angle along edge 90-°, and
eliminating ‘Dangling Edges.

Then we import the topographic
layer bathy.stl with increasing
‘Edges by Face Normals' normal
angle to 80-, and

activating ‘Add New Part in Current
Model'
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We then merge both models by using ‘Union Parts’ in the ‘Discrete’

tab and apply with tolerance 0.1.
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We then remove excess from
both models using ‘Delete’ in
the '‘Discrete’ tab.
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sweep trace towards

py. Note that dur

smooth and resample fault trace

1tFromCurve

Building faults from trace and dip

We generate the fault plane using createFau

building a fault model we need

139

Ly
Vi
252020000,

2
i,
A

“? 7
A i
e
2 :
]
L aa5095009 0050
S i

and constant or

Along-depth varying dip
(listric)

ve Zz,

Along-strike varying dip

05
e Z I

3

S8
N
33

ChiEES|E

R R A A A A A I A 1]
R A T
G R O A R R 1]
R R A R A A A I I 1]
R A A A R A I 17

N\
N
W
N
N

Constant dip

A I I I A L]
A A I 7]
I ]

Z 20000 s L E
5295599595
127

Extrude towards
same direction

1on.

i
SR
. ==
-+ D2 >
O 5=
= O
- 9 5
Q SE5%
gE O
—_ .Beawm
s oo

ip se

d

Extrude along strike

z positive (because the topography can have positive z) and negat
varying




Application to Palu

The ‘data’ folder contains (x,y,z) ASCI!I files describing fault traces and dip variation
along-strike. The faults then are straightforwardly created using:

dx=0.5e3

python ~/SeisSol/Meshing/GocadRelatedScripts/createFaultFromCurve.py
data/segmentSouth d90 long.dat 0 90 --dd $dx --maxdepth 16e3 --extend
4e3

python ~/SeisSol/Meshing/GocadRelatedScripts/createFaultFromCurve.py
data/smootherNorthBend.dat 0 65 --dd $dx --maxdepth 16e3 --extend 4e3

python ~/SeisSol/Meshing/GocadRelatedScripts/createFaultFromCurve.py
data/segmentBayAndConnectingFault.dat 2
data/segmentBayAndConnectingFaultDip.dat --dd S$Sdx --maxdepth 16e3
-—extend 4e3
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Merging box and faults

Let suppose that we know have 2 smd file,
one with the intersected faults, the other
with the box.

We can open one of them by:

Discrete > Add parts > select the other.
Discrete > Union Parts > select both parts.

This intersects the faults with the
topography.
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Now we just have to delete the faults parts above the topography.

and the model is finished.
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Assignhing boundary conditions

In SimModeler, select ‘Analysis’ tab then select ‘Analysis Attributes'. We need to name a
‘New Case ..' and select with ‘SeisSol' as the solver. Then select the top surface and
assign it with ‘Free Surface’ boundary condition.

® 2PV VP UER cabee
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We hide the top surface, then select all sides and bottom surfaces and assign them with
‘Absorbing’ boundary condition.

Analysis Attributes @®

+v |test S\ 4

Free Surface Boundary Condition

P Sub-Type = ——
v problem definition seisSol
Boundary Condition Free Surfa

Non-Conforming
Dynamic Rupture
Inflow

[ Absorbing |

Periodic

P UER e e

® AQDD”

Attributes | Variables
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We hide all sides and bottom surfaces, then select all fault segments and assign them
with ‘Dynamic Rupture’ boundary condition.

Analysis Attributes e®
+v| | test -| (W

Free Surface Boundary Condition

Non-Conforming

e problem definition seissol
Dynamic Rujkure Boundary Condition Free Surfa

Inflow Boundary Condition Absorbing ‘1
Absorbing
Periodic

IV P UER @

Attributes | Variables
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Setting meshing parameters

We then Select ‘Meshing’ tab and select ‘Mesh Size' to absolute 300 m
within the fault segments.

Next we set ‘Mesh Size' to absolute 20000 m at the far side of our domain.
We also set ‘Gradation Rate’ to 0.3.

Then we set ‘Surface Shape Metric’ with limiting aspect ratio to 6.0 and
set '‘Volume Shape Metric’ with limiting aspect ratio to 12.0.

Then save (smd) file and select ‘Generate Mesh' and start meshing.
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Evaluating the mesh
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and then we save the generated mesh file (neu).

Note that we recommend meshing using PUMGen for creating and
exporting meshes in an efficient format (PUML). We can use the mesh
analysis file (smd) as the input or convert it from the ASCIl mesh (heu)
file.

ChEESE 150




