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What our Group Does: We Test Computer Codes Used to Simulate Earthquakes

Geologic Structure

(Fault Geometry & Material Propertles) Failure
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H Computer Codes :

b » (( that Simulate Earthquakes as ) ¢=-=====--= 4

Spontaneous Ruptures

what we’re testing

Ground Shaking
(Seismograms),
Fault Slip, etc.

how we do the test:
we compare these results
among the codes

Please see our website http://scecdata.usc.edu/cvws Harris March 2013
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Overall Goal of our Code Verification Group

Compare the computational methods
currently being used by SCEC and USGS scientists to
simulate (spontaneous) earthquake rupture dynamics

Some Specific Objectives

Understand if our methods are producing the same results when using
the same assumptions about friction, crustal structure, fault geometry, etc.

Funding

This project has been funded by the Southern California Earthquake Center,
the U.S. Geological Survey, the U.S. Dept. of Energy, and the PG&E Company
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Code Comparlson Strategy
Start simply
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Code Comparison Benchmarks — Incrementally add complexity

TPV3 '
TPV4 TPVS5, 205 M, 1PVer
_—__» Strong e~ — e |
— £ [ -— [l | [l 5
ovsp| e - g fa ™ = £ 3km z
n 2 m
s ;E‘D Weak | 2 Vo Vsp | 53 km 2 o Vsp | o O E O JE g; £ =
4 & 21 = g - 5 © Tty
3 Weak 2 & eal
& o Weak
30 km trong
Strong A Strong Vp1,Vst, pl ron
Vp2,Vs2,p2 =L X
Slip-weakening friction
teve M M TPV10-11 TPV12 TPV13
| \ /
[ T | VpVs,p VpVsp 74
= = o3 ~ .3 N
£ < /03 S Q
> Vop g2 = Z’ & km Weak //$ £ S3km Weak //$
| 24 \ L S
e
Strong 30 km Strong 30 km
Strong—__ Strong-_
Slip-weakening friction
TPV101 M TPV102 TPV103 M TPV104 TPV105-2D
e 18k ——| / <
— — r——t — t— 15 km ——|
— H B — 2 bl
........ Sile g — g 2
g F HE: @ e E|E A 2l |2 : gls 1 x
Vo Vs.p HE B § Vo Vsip g &4 Veloy- @ z 3 VoVep £ c VoV 8 = Velocity- g 5 EE . velocity-weakening
Bl = veloory- & A 2 Weakening 30km |° E) . ) 2 Weakening 30km |° X9 hypocenter
s Visanng E Varsiton 2010 i 2| || veteciy. K E Taneiion zone = (105 km,7.5 km.0)
E 30 km ) 3 Weakening g l
3 ! Veloity-Strengthening 2 30 km > Velocity-Strengthening = Transition Tayer
s sy S ~ s angton zone - iy srengthening
9 9 = = Velocity-Strengthening > i elocity-strengl C"‘“{(, o
= 30 km

Rate-state friction using an ageing law

Rate-state friction using a slip law with strong rate-weakening

TPV16-17 N,

M TPV14-15, 18-21

48.0 km

Slip-weakening friction Slip-weakening friction

Thermal pressurization, rate-state friction,
slip-law, strong rate-weakening
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Code Comparlson Strategy

Incrementally adding complexity: stress, fault geometry

Rupture on a vertical Rupture on a Branching
strike-slip fault set in a strike-slip fault set in
homogeneous material homogeneous (material)
elastic halfspace, Plastic yielding,
Heterogeneous initial Slip-weakening friction
Stresses,

Slip-weakening friction

N aEn

JANp

]

TPVI16, 17 TPV18, 19, 20,21

elastic, plastic, elastic, plastic

2012 BENCHMARKS

Harris March 2013
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TPV16 (Heterogeneous Initial Stress, SW Friction, Elastic, Vertical Strike-Slip Fault)

‘ ASSllIIlP ’FIOI}S . Results

_‘Q d r Time-Series File
-

r - Benchmark: tpv16 (Vertical strike-slip fault, heterogeneous initial stress)

seros ~

i, 7 WS
.
¥ w =

| File: faultst000dp000 (strike 0.0 km, dip 0.0 km)
I Field: h-slip-rate (Horizontal slip rate (m/s))

Back o Feld st (togow )

depth, m

Page 1 of |

along-strike distance. m

Contour Plot

Benchmark: tpv16 (Vertical strike-slip fault, heterogeneous initial stress)
File: cplot (rupture contour plot)

(“Back to File List Logout

=« | Results | | |

Time (s)

Horizontal slip rate (m/s)

aagaard.2 (Brad Aagaard - PyLith v1.7.0a - Tetd 75m)

barall.2 (Michael Barall - Finite Element - FaultMod - Denser Mesh)
cruz-atienza (Tago/Cruz-Atienza - 30 Discontinuous Galerkin Code - DGCrack)
dalguer (Luis Dalguer - Finite Difference - DFM)

duan (Benchun Duan - Finite Element - EQdyna)

gabriel (Alice Gabriel - Finite Difference AWP-0DC)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)

kase (Yuko Kase - Finite Difference)

ma (Shuo Ma - Finite Element - MAFE)

somala (Surendra Somala - Spectral Element - SESAME)

0.5E+04

1.0E+04

Distance down-dip (m)

1.5B+04

LI B B S S e

Distance along strike (m)

———— aagaard.2 (Brad Aagaard - PyLith v1.7.0a - Tet4 75m)
——— barall.2 (Michael Barall - Finite Element - FaultMod - Denser Mesh) 20 1 2 B enchmark Success
~————————— cruz-atienza (Tago/Cruz-Atienza - 3D Discontinuous Galerkin Code - DGCrack)
dalguer (Luis Dalguer - Finite Difference - DFM)
duan (Benchun Duan - Finite Element - EQdyna)
gabriel (Alice Gabriel - Finite Difference AWP-0DC)
kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
kase (Yuko Kase - Finite Difference)
ma (Shuo Ma - Finite Element - MAFE)
somala (Surendra Somala - Spectral Element - SESAME)
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TPV18 (SW Friction, Elastic, Branched Vertical Strike-Slip Fault)

Schematic Results

Hypocenter Junction point Time-Series File
Main fault Benchmark: tpv18 (Vertical right-branching fault, right-lateral, elastic material)
12 km File: faultst050dp000 (main, strike 5.0 km, dip 0.0 km)
1 T 300 Branch fault
| 30 Field: h-slip-rate (Horizontal slip rate (m/s))
7.5 km
N Back to Field List Logour )
15 km|
sk
- Page 1 of 1
16 km
12 km

~ Results

: tpy ical i i ight-lateral,

Contour Plot

Fies

canch T, ruptre contour 1)

Horizontal slip rate (m/s)

058404

1 Time (s)

Distance down-dip (m)

1.08+04

] ————— barall (Michael Barall - Finite Element - FaultMod)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
cruz-atienza (Tago/Cruz-Atienza - 3D Discontinuous Galerkin Code - DGCrack)
duan (Benchun Duan - Finite Element - EQdyna: 50 m)
duan.2 (Benchun Duan - EQdyna: 115.5 m spacing along strike on branch)
ma (Shuo Ma - Finite Element - MAFE)
e renn coce - occracs somala (Surendra Somala - Spectral Element - SESAME)

Element - Eadyna: 50 m)
a: 115.5 m spacing along strike on branch)

Distance down-dip (m)

1.98404

Distance along strike (m)

barall (Hichael Sarall - Finite Elenent - Faulthod)
e 51 od

barall (Michael Barall - Finite Element - FaultMod)

barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)

cruz-atienza (Tago/Cruz-Atienza - 30 Discontinuous Galerkin Code - DGCrack)
duan (Benchun Duan - Finite Element - EQdyna: 50 m)

duan.2 (Benchun Duan - EQdyna: 115.5 m spacing along strike on branch)

ma (Shuo Ma - Finite Element - MAFE)

2012 Benchmark Challenge
Main Fault Branch :

Ceer
duan.2 (Benchun

- e
a - Spectral Elenent - SESHE)

sonala (surer
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2012-2013 Benchmarks: Two-Fault Stepovers
TPV22 and 23 (SW Friction, Elastic, Stepover in Vertical Strike-Slip Faults)

—_— [ — I 21— 1.0 km
Al —— I — 1.6 km A I~
Lo I lotm " |
0km m 10 km
20K 20 km ‘—é_' 20 km
15km 5 km 20 km 15 km 5 km
30 km

30 km 30 km

2012-2013 Benchmarks: Revisiting the Fault Branch
TPV24 and 25 (SW Friction, Elastic, Branched Vertical Strike-Slip Fault)

' 12 km 12 km
—_— -— _—
M <—] ) 30° | | ) 30° I
| [
10 km 10 km
15 km 15 km L
X
8 km © 8 km
16 km m 16 km m
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Distance down-dip (m)

1E404

2E+04

Results for Benchmarks TPV22 and TPV23 (rupture-front contour plots)

TPV22
Dilational

ls 15 km

stepover

1 — 1.6 km
je———>
10 km I|
10 km
=5 km 20 km
30 km

Distance down-dip (m)

M\

- —— 3 I +1— 1.0 km
10 km
- TPV23
20 km m .
5 km Son 20K Compressional
stepover
30 km
30 km

1E+04

2E+04

-1E+04 0
Distance along strike (m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
barall.3 (Michael Barall - Finite Difference - DayFD - 100 m)
barall.4 (Michael Barall - Finite Difference - DayFD - 50 m)
duan (Benchun Duan - Finite Element - EQdyna - 100 m test)
kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 100m)
kaneko.2 (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 50m)
ma (Shuo Ma - Finite Element - MAFE (100 m))

payne (Ryan Payne - Finite Element - EQdyna - 100m)

payne.2 (Ryan Payne - Finite Element - EQdyna - 50m)

somala (Surendra Somala - Spectral Element - SESAME (100m))
somala.2 (Surendra Somala - Spectral Element - SESAME (50m))

Fault 1

o 1E+04
Distance along strike (m)

— barall (Michael Barall - Finite Element - FaultMod - 100 m)

— barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)

~— barall.3 (Michael Barall - Finite Difference - DayFD - 100 m)

— barall.4 (Michael Barall - Finite Difference - DayFD - 50 m)

~— duan (Benchun Duan - Finite Element - EQdyna - 100 m test)

— kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 100m)
kaneko.2 (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 50m)

—— ma (Shuo Ma - Finite Element - MAFE (100 m))

— payne (Ryan Payne - Finite Element - EQdyna - 100m)

— payne.2 (Ryan Payne - Finite Element - EQdyna - 50m)

— somala (Surendra Somala - Spectral Element - SESAME (100m))

— somala.2 (Surendra Somala - Spectral Element - SESAME (50m))

Fault 2

TPV22

-1E+04

Distance along strike (m)

barall (Michael Barall -
barall.2 (Michael Barall -
barall.3 (Michael Barall -
barall.4 (Michael Barall -
kaneko (Yoshihiro Kaneko -
kaneko.2 (Yoshihiro Kaneko

Finite Element - FaultMod - 100 m)
Finite Element - FaultMod - 50 m)
Finite Difference - DayFD - 100 m)
Finite Difference - DayFD - 50 m)
Spectral Element - SPECFEM3D - 100m)
- Spectral Element - SPECFEM3D - 50m)

ma (Shuo Ma - Finite Element - MAFE (100 m))

payne (Ryan Payne - Finite Element - EQdyna - 100m)
payne.2 (Ryan Payne - Finite Element - EQdyna - 50m)
somala (Surendra Somala - Spectral Element - SESAME (100m))
somala.2 (Surendra Somala - Spectral Element - SESAME (50m))

Fault 1

Distance along strike (m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
barall.3 (Michael Barall - Finite Difference - DayFD - 100 m)
barall.4 (Michael Barall - Finite Difference - DayFD - 50 m)
kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 100m)
kaneko.2 (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 50m)
ma (Shuo Ma - Finite Element - MAFE (100 m))

payne (Ryan Payne - Finite Element - EQdyna - 100m)

payne.2 (Ryan Payne - Finite Element - EQdyna - 50m)

somala (Surendra Somala - Spectral Element - SESAME (100m))
somala.2 (Surendra Somala - Spectral Element - SESAME (50m))

Fault 2

TPV23
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TPV22 ! - | m o " | TPV23

Dilational 0k @ = - “I1T T@m L Compressional

stepover stepover

30 km

30 km

30 km

15 seconds 15 seconds

A
v

3m/s 4 m/s

Horizontal slip rate (m/s)
Horizontal slip rate (m/s)

Time () . ' Time (s)

barall (Michael Barall - Finite Element - Faulthod - 100 m) barall (Wichael Barall - Finite Element - Faultbod - 100 m)
barall.2 (Michael Barall - Finite Element - Faultbod - 50 m) * L barall.2 (Michael Barall - Finite Element - Faulthod - 50 m)
barall.3 (Michael Barall - Finite Difference - DayFD - 100 m) barall.3 (Michael Barall - Finite Difference - DayFD - 100 m)
barall.4 (Wichael Barall - Finite Difference - DayFD - 50 m) barall.4 (Michael Barall - Finite Difference - DayFD - 50 m)
duan (Benchun Duan - Finite Element - EQdyna - 100 m test) kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 100m)
kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 100m) Fault #2 Kaneko.2 (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 50m)
kaneko.2 (Yoshihiro Kaneko - Spectral Element - SPECFEM3D - 50m) ma (Shuo Ma - Finite Element - MAFE (100 m))

payne (Ryan Payne - Finite Element - EQdyna - 100m)

> - u payne.2 (Ryan Payne - Finite Element - EQdyna - S0m)

somala (Surendra Somala - Spectral Element - SESAME (100m))
somala.2 (Surendra Somala - Spectral Element - SESAME (50m))

ma (Shuo Ma - Finite Element - MAFE (100 m))
payne (Ryan Payne - Finite Element - EQdyna - 100m)
payne.2 (Ryan Payne - Finite Element - EQdyna - 50m)

o e B e e On-Fault Station Location
(5 km along strike at the
earth’s surface, on fault 2)

TPV22 TPV23

3 hz low-pass Butterworth filter applied 3 hz low-pass Butterworth filter applied
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Older Branch Benchmark: TPV18 (SW Friction, Elastic, Vertical Strike-Slip Faults)
Results

Schematic

Time-Series File

Junction point

Hypocenter
Main fault Benchmark: tpv18 (Vertical right-branching fault, right-lateral, elastic material)
12 km File: faultst050dp000 (main, strike 5.0 km, dip 0.0 km)
1 T 300 Branch fault
| 30 Field: h-slip-rate (Horizontal slip rate (m/s))
7.5 km
N Back to Field List Logour )
15 km|
sk
- Page 1 of 1
16 km
12 km 44
~
<
E
~ e
o
-
o o
g2
Results e ]
-
: tpy ight-lateral, "
File: cplot_main (main fault,rupture contour plot) Contour Plat -
R -
(each t (togout ) c
ra o 4
N
= Pagelofl - c c
e | 2 0+ NN
o 4
T T T T T T T T T T T d
2 0 5 1
001 Qoo Time (s)
: :
£ §
51 08404 5 - barall (Michael Barall - Finite Element - FaultMod)

1.98404

Distance along strike (m)

barall (Michael Barall -

barall.2 (Michael Barall -
cruz-atienza (Tago/Cruz-Atienza - 3D Discontinuous Galerkin Code -
EQdyna: 50 m)

duan (Benchun Duan -

Finite Element -

Finite Element -

Finite Element -

Faulthod)
FaultMod - 50 m)

DGCrack)

duan.2 (Benchun Duan -

EQdyna: 115.5 m spacing along strike on branch)

ma (Shuo Ma - Finite Element -

MAFE)

ma (Shuo Ma - Finite Element - WFE)
Sonala (Surendra Samala - Spectral Elenent - SESIME)

barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)

cruz-atienza (Tago/Cruz-Atienza - 3D Discontinuous Galerkin Code - DGCrack)
duan (Benchun Duan - Finite Element - EQdyna: 50 m)

duan.2 (Benchun Duan - EQdyna: 115.5 m spacing along strike on branch)

ma (Shuo Ma - Finite Element - MAFE)

somala (Surendra Somala - Spectral Element - SESAME)

somala (Surendra Somala - Spectral Element - SESAME)

Main Fault 2012 Benchmark Challenge

Branch

Harris March 2013
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Changes in Branch Fault Benchmarks from 2012 to 2013
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Branch intersection definition changed, allowing for code-optimized implementations
2013: slip on the branch goes to zero at the intersection
2012: the branch ends one element away from the main fault

Nucleation method changed
2013: smoother nucleation with fewer unwanted oscillations.

Regional stress field changed
2013: neutral
2012: strongly extensional

Difference between static & dynamic friction coefficients reduced,
producing an easier to resolve cohesive zone

2013: ws=0.18 and ud=0.12

2012: us=0.60 and ud=0.12

Slip-weakening critical distance reduced
2013: 0.30 m

2012: 040 m

2013: Convergence of each benchmark was tested by running 50 m and 100 m cases

Harris March 2013
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New Branch Fault Benchmarks: TPV24 and TPV25

12 km

4—‘ ) 30°

10 km
15 km
8 km

J8 Jam R

TPV24

Releasing
Branch

15 km

£

12 km

10 km

;\

8 km

18 km e

TPV2S

Restraining
Branch
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TPV24
Releasing
Branch

Distance down-dip (m)

0.5E404

1.0E404

1.5E404

Results for Benchmarks TPV24 and TPV25 (rupture-front contour plots)

£

S

12 km 12 km
R —_ ~——
N —— 1 30° l | — /30° |
[ [ [
10 km 10 km
15 km 15 km
8 km @ 8 km
16 km 16 km

m

TPV2S
Restraining
Branch

1

0.5E404 [~

I

1.0B404 [~

Distance down-dip (m)

N

~1E+04
Distance along strike (m)

aagaard.2 (Brad Aagaard - PyLith v1.9.0a - Tet4 100m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
duan (Benchun Duan - Finite Element - EQdyna - 100 m)

duan.2 (Benchun Duan - Finite Element - EQdyna - 50 m)

ma (Shuo Ma - Finite Element - MAFE (100 m))

somala (Surendra Somala - Spectral Element - SESAME (100m))

somala.2 ( Somala - Spi 1 Element - SESAME (50m))

Main Fault

'\?: ]

Toweor 1.5E404

1B+04 Distance along strike (m)

— aagaard.2 (Brad Aagaard - PyLith v1.9.0a - Tetd 100n
— barall (Michael Barall - Finite Element - Faulthod -
~ barall.2 (Michael Barall - Faulthoc
— duan (Benchun Duan - Finite Element - EQdyna - 100 n
~ duan.2 (Benchun Duan - Finite Element - EQdyna - 50
— ma (Shuo Ma - Finite Element - MAFE (100 m))

somala (Surendra Somala - Spectral Element -
— somala.2 (Surendra Somala - Spectral Element -

Finite Elenent -

SESAME
SEsar

-1E+04
Distance along strike (m)

aagaard.2 (Brad Aagaard - PyLith v1.9.0a - Tet4 100m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
duan (Benchun Duan - Finite Element - EQdyna - 100m)

duan.2 (Benchun Duan - Finite Element - EQdyna - 50 m)

ma (Shuo Ma - Finite Element - MAFE (100 m))

somala (Surendra Somala - Spectral Element - SESAME (100m))

Branch Fault
TPV24

somala.2 (! Somala - Sp Element - SESAME (50m))

Main Fault

1E+04

0 2000
;e along strike (m)

— aagaard.2 (Brad Aagaard - PyLith v1.9.0a - Tet4 10
— barall (Michael Barall - Finite Element - FaultMod
~ barall.2 (Michael Barall - Finite Element - FaultM
= duan (Benchun Duan - Finite Element - EQdyna - 100
~ duan.2 (Benchun Duan - Finite Element - EQdyna - 5
~ ma (Shuo Ma - Finite Element - MAFE (100 m))
somala (Surendra Somala - Spectral Element - SESAM
— somala.2 (Surendra Somala - Spectral Element - SES

Branch Fault

TPV2S
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Results for Benchmarks TPV24 and TPV25 (horizontal velocity vs. time)

£

Releasing 15 km

i)
TPV24
Branch

12 km
) 30° I
[

8 km e

10 seconds

A

1
15 km‘

S

-
"

10 km

@ 8 km

12 km
/30° |
[

TPV2S
Restraining
Branch

16 km

T T T T T T
s

Time (s)

aagaard.2 (Brad Aagaard - PylLith v1.9.0a - Tetd 100m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
duan (Benchun Duan nite Element - EQdyna - 100 m)
duan.2 (Benchun Duan - Finite Element - EQdyna - 50 m)

ma (Shuo Ma - Finite Element - MAFE (100 m))

Ui

3 hz low-pass Butterworth filter applied

TPV24
Releasing Branch

*

Off-Fault Station Location
at the earth’s surface
between main fault & branch

m

10 seconds

A
v

"1 10.2m/s

zontal velocity (m/s)

Hori.

T ™ ™ ™ T T
B

Time (s)

aagaard.2 (Brad Aagaard - PyLith v1.9.0a - Tet4 100m)

barall (Michael Barall - Finite Element - FaultMod - 100 m)
barall.2 (Michael Barall - Finite Element - FaultMod - 50 m)
duan (Benchun Duan - Finite Element - EQdyna - 100m)

duan.2 (Benchun Duan - Finite Element - EQdyna - 50 m)

ma (Shuo Ma - Finite Element - MAFE (100 m))

3 hz low-pass Butterworth filter applied

TPV2S
Restraining Branch
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Results for Benchmarks TPV24 and TPV25 (final fault slip)
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For More Information about our group’s work,
Please see our website http://scecdata.usc.edu/cvws
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Seismological Research Letters, vol. 82,638-644, 2011.

Our 2009 SRL article

Harris, R.A., M. Barall, R. Archuleta, B. Aagaard, J.-P. Ampuero,
H. Bhat, V. Cruz-Atienza, L. Dalguer, P. Dawson, S. Day,
B. Duan, E. Dunham, G. Ely, Y. Kaneko, Y. Kase, N. Lapusta, Y. Liu,
S. Ma, D. Oglesby, K. Olsen, A. Pitarka, S. Song, and E. Templeton,
The SCEC/USGS Dynamic Earthquake-Rupture Code Verification Exercise,
Seismological Research Letters, vol. 80, 119-126, 2009.
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Notes on some of the parameters for the branching faults

Friction coefficients are low because of the high initial normal
stress, which is lithostatic.

Cohesion tapers from 3.0 MPa at the earth’s surface, to 0.3 MPa
at depths of 4000 m or greater.

Cohesion in the upper 4 km suppresses free surface effects.
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2012-2013 Benchmarks: Two-Fault Stepovers
TPV22-23 (SW Friction, Elastic, Stepover in Vertical Strike-Slip Faults)
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2012-2013 Benchmarks: Revisiting the Fault Branch
TPV24-25 (SW Friction, Elastic, Branched Vertical Strike-Slip Fault)
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