Planar Fault with Fault Zone Guided Waves
TPV33

Michael Barall
Invisible Software, Inc.

SCEC Rupture Dynamics Code Verification Workshop

March 11, 2016



TPV33 —Planar Fault with Fault Zone Guided Waves

Fault

e
ol &

Hypocenter

Right-lateral strike-slip fault in an elastic half-space, with a low-velocity fault zone.

The hypocenter is placed off-center to the left, to generate strong guided waves heading to the
right.



Ve = 3464 m/s Material Properties
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Distance along-strike = x



Waveguides

A waveguide works by setting up a standing wave in the direction perpendicular to the direction of
propagation. For us, this is the direction perpendicular to the fault.

Our waveguide is 1600 meters thick, which means that the wavelength of the standing wave is:

e 3200 m for the fundamental.

e 1600 m for the first harmonic. A )

We need to use a relatively thick LVFZ
so that our dynamic rupture codes have
enough resolution to model
wavelengths several times smaller than
the wavelength of the standing wave.

In actuality, the standing wave extends slightly outside the LVFZ, which means:
e The wavelengths are actually a bit larger than 3200 m and 1600 m.

e The guided wave “feels” the different material properties on the two sides of the LVFZ, which
makes the standing wave profile slightly asymmetrical.
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Friction Parameters

Friction parameters:
Static coefficient of friction uy = 0.550
Dynamic coefficient of friction u; = 0.450
Slip-weakening critical distance dy, = 0.18 m

Frictional cohesion C, =0

Slip-weakening friction law:
Shear stress 7 = €y, + umax(0, g,,)
Coefficient of friction u = us + (ug — pg) min(D/d,, 1)
D =total slip since the beginning of the simulation

0, = hormal stress.



Initial Stress
The initial normal stress is constant:

oy(x,y) = 60 MPa

The initial shear stress is chosen so that the rupture stops spontaneously before it reaches the top,
bottom, left, or right edge of the fault:

TO(JC, y) = (30 MPa)(1 - Rr) + Tnuke(x» y)

The tapering term R is chosen so that the initial shear stress is a constant 30 MPa in the central
part of the fault, then tapers to lower values at the top, bottom, left, and right edges of the fault:

(—x —9800 m)/(10000 m), if x <—-9800m
R, = (x —1100m)/(10000 m), if x>1100m
0, otherwise
(=y +2300m)/(10000 m), if y<2300m
R, = (y —8000 m)/(10000 m), if y >8000m
0, otherwise

R, = min <1, /R,% + Rf,)



Nucleation — Overstress Method

e The nucleation zone is a circle of radius 800 m, centered at the hypocenter.
e Within the nucleation zone, we impose an additional initial shear stress.
e Within 550 m of the hypocenter, the initial shear stress is raised to just above the yield stress.

e Between 550 m and 800 m from the hypocenter, there is a cosine taper so that the initial
stress is continuous.

The additional shear stress for nucleation is:
( 3.150 MPa, ifr <550m

Touke X, Y) = 1 (1.575 MPa)(l + cos(n(r — 550 m) /(250 m))), if 550m <r <800 m

\ 0, otherwise

Where 1 is distance to the hypocenter:

r=./(x +6000m)2 + (y — 6000 m)>2



On-Fault Stations

Modelers are asked to
submit slip, slip rate, and

Earth’s Surface / Top of Fault stress as a function of time,

0.0 km for 28 stations on the fault.
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These 37 stations are

organized into four

“transects” which cross the

low-velocity zone.
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TPV33 Rupture Contours



TPV33 Rupture Contours — Highest Resolution from Each of 10 Modelers

Distance down-dip (m)

a 1 I 1 I I 1 I 1 1 1

0.5E+04

1. 0E+04 I ] I 1 1 I ] I I I

-1.0E+04 -0.5E+04

Distance along strike (m)
bai (Kangchen Bai - Spectral Element - SPECFEM3D)
barall (Michael Barall - FaultMod - 12.5 m)
bydlon (5am Bydlon - Finite Difference - FD-Q-WavelLab - 25m)
chen.2 (Xiaofei Chen - Finite Difference Method - CGFDM - 12.5 m)
daub (Eric Daub - Daub Finite Difference Code - 50m)
kaneko (Yoshihiro Kaneko - SPECFEM3D (older wversion) - 50 m)
Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)
ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)
ulrich {(Thomas Ulrich - DG Finite Element - Seis5o01 -100m on fault-o5)

Contours show excellent
agreement!

Note rupture stops
spontaneously at top,
bottom, left, and right.
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TPV33 Rupture Contours — Metrics (RMS Difference in Rupture Time)

DA @]G) |6 )] E®)](©) [(10)
(1) bai 35| 6.8] 44| 5.3|115|115] 7.3| 3.6] 7.5
(2) barall | 35 48| 6.1] 3.9]10.014.3] 6.9 6.1]10.2
(3) bydlon | 6.8] 4.8 9.0| 42| 7.7|17.6| 6.4] 8.8|135
(4) chen.2 | 4.4] 6.1] 9.0 6.9]13.0] 9.6] 9.0| 5.8] 7.8
(5)daub | 5.3| 3.9] 4.2| 6.9 8.0|15.0| 55| 7.1{12.2
(6) kaneko|11.5]10.0] 7.7]13.0] 8.0 21.3| 5.4|11.9|18.5
(M luo  |11.5|14.3]17.6] 9.6]/15.0|21.3 17.4]11.0] 7.2
@ ma2 | 73] 6.9] 6.4| 9.0 55| 5.4|17.4 8.5|14.8
) roten.2| 36| 6.1] 8.8| 5.8 7.1|]11.9|11.0] 85 7.3
(10) ulrich| 7.5[10.2|13.5| 7.8|12.2|18.5| 7.2|14.8] 7.3

The maximum value is only 21.3 milliseconds, which is a very good value!

Reminder: For each pair of results, the metric value is the RMS difference in the rupture arrival
time, with the average running over the part of the fault surface that ruptured. We generally
consider values less than 50 milliseconds to be good agreement.



TPV33 Rupture Contours — Process Zone Width (in Meters)
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Horizontal color bands show good agreement between codes.

The smallest values, ~70 m, occur farthest from the hypocenter. Ordinarily this would be resolvable
with 25 m resolution, but TPV33 seems to need higher resolution for at least some codes.
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Need for Greater Resolution Than Expected Based on Process Zone Width

Distance down-dip (m)

a 1 I 1 1 I I I 1 1 1 1
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Distance along strike (m)

chen (Xjaofei Chen - Finite Difference Method - CGFDM - 25 m)
chen.2 (Xijaofei Chen - Finite Difference Method - CGFDM - 12.5 m)

There are visible
differences between 25
m and 12.5 m results,
especially up-dip in the
mode lll direction. This is
maybe due to the low
velocity.
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Normal velocity (m/s)

Normal wvelocity (m/s)

Varying Resolution on the Fault Produces Effects that Propagate Far in the LV Zone

body000st120dp000 Stations in the LV zone can “see”

(inside LV zone) the effect of changing resolution
on the fault surface from far
away.

Stations outside the LV zone at
the same distance are much less

affected.
T T T T T
8 10 12
Time (s)
0.1-
* * *
body016st120dp000
(outside LV zone)
* * *
D_
i “Far side” of fault ; § @
“Near side” of fault
* * *
-0.1-
I T T T I T T T I
6 8 10 12
Time (s)
chen (Xiaofei Chen - Finite Difference Method - CGFDM - 25 m) * * *
chen.2 (Xiaofei Chen - Finite Difference Method - CGFDM - 12.5 m) 17

Filtered at 10 Hz.



TPV33 Results — On-Fault Stations



Horizontal slip rate (m/s)

Along-dip slip rate (m/s)

faultst-060dp060 (Hypocenter)

There is near-perfect agreement
among the 9 codes.

] Metrics:
1.0 Avg Q =1.2
] Max Q =5.4 Vertical slip rate agrees very well

despite being 4 orders of magnitude
smaller than the horizontal slip rate.
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daub (Eric Daub - Daub Finite Difference Code - 50m)

Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)

ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)

ulrich (Thomas Ulrich - DG Finite Element - 5eis501 -100m on fault-o5)
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Horizontal slip rate (m/s)

Horizontal shear stress (MPa)

faultst-060dp060 (Updip from Hypocenter)

Metrics:
Avg Q =2.6
Max Q =6.2

There is near-perfect agreement
among the 9 codes for both horizontal

slip rate and horizontal shear stress.

One code shows some oscillations.

n
o
|

)
o
1 | 1 1

Time (s)
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barall (Michael Barall - FaultMod - 12.5 m)

bydlon (Sam Bydlon - Finite Difference - FD-Q-WaveLab - 25m)
chen.2 (Xiaofei Chen - Finite Difference Method - CGFDM - 12.5 m)

daub {Eric Daub - Daub Finite Difference Code - 50m)
Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)

ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)

ulrich {(Thomas Ulrich - DG Finite Element - SeisSol -100m on fault-o5)

Time (s)

Filtered at 10 Hz.

* % % %
- S . S
L D S
* % o %

*
*

* % % %

* % % %

D)
[e]




Horizontal slip rate (m/s)

Along-dip shear stress (MPa)

faultst000dp060 (6 km Right of Hypocenter)

Metrics:
Avg ) =6.0
Max Q =11.8

bai (Kangchen Bai - Spectral Element - SPECFEM3D)

barall (Michael Barall - FaultMod - 12.5 m)

bydlon (Sam Bydlon - Finite Difference - FD-Q-Wavelab - 25m)

chen.2 (Xjaofei Chen - Finite Difference Method - CGFDM - 12.5 m)

daub (Eric Daub - Daub Finite Difference Code - 50m)

Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)

ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)

ulrich {(Thomas Ulrich - DG Finite Element - SeisSol -100m on fault-o5)

There is excellent agreement among
the 9 codes, with only slight
differences in the peak slip rate.

As usual, the slip rate peak gets higher

[}
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1 1 1 1 J 1 1 1 1 I 1 1 1 1

[}

1 and narrower as the rupture
propagates (note time scale).

Vertical shear stress agrees very well
despite being small and having a
complicated waveform.
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Time (s)

Filtered at 10 Hz.
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Normal stress (MPa)

Normal stress (MPa)

|
o
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—-a0.
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Normal Stress at Two Stations (faultst000dp060 and faultst-060dp020)

Normal stress can only vary because
of the slightly different material
properties on the two sides of the LV
zone. So the effect is small: about
0.3% and 0.07% at the two stations
shown.

Yet the codes agree well on these
complicated waveforms.
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Metrics at On-Fault Stations (Summary Across 9 Codes, in Percent)

2d-stress | 2d-rate | 2d-slip | n-stress| t-shift 2d-stress | 2d-rate | 2d-slip | n-stress| t-shift
faultst-020dp020 3.2 4.5 12 33.0] 1.02e-002 | | faultst-080dp060 19 2.6 0.4 26.2] 3.59e-003
faultst-020dp040 18 2.8 0.4 27.5] 7.22e-003 || faultst-080dp080 2.0 25 11 21.0] 6.45e-003
faultst-020dp060 1.8 3.3 0.5 26.3| 5.40e-003 || faultst-100dp020 L 4.2 0.6 23.41 8.78e-003
faultst-020dp080 2.1 3.1 0.5 28.0| 6.82e-003 || faultst-100dp040 2.6 3.5 1.3 15.8] 6.15e-003
faultst-040dp020 3.4 51 0.8 27.8] 9.17e-003 || faultst-100dp060 2.4 3.9 0.7 16.6] 4.96e-003
faultst-040dp040 2.2 2.6 0.4 22.9] 7.33e-003 | | faultst-100dp080 2.7 3.6 0.8 20.1] 6.11e-003
faultst-040dp060 18 2.9 0.6 27.2| 3.97e-003 | | faultst000dp020 4.0 6.1 0.6 29.7] 1.17e-002
faultst-040dp080 19 24 0.5 21.8| 6.87e-003 || faultst000dp040 18 5.8 0.5 24.4] 8.44e-003
faultst-060dp020 3.0 6.1 0.7 12.8| 9.14e-003 || faultst000dp060 17 6.1 0.6 24.91 7.11e-003
faultst-060dp040 2.0 3.0 0.3 13.3| 7.60e-003 || faultst000dp080 24 5.9 0.6 28.6] 8.83e-003
faultst-060dp060 2.0 2.5 1.3 18.9] 2.03e-003 || faultst020dp020 10.6 10.9 2.0 24.11 1.44e-002
faultst-060dp080 1.8 3.5 0.6 15.5] 6.83e-003 || faultst020dp040 122 110 1.6 19.4] 1.18e-002
faultst-080dp020 5.2 4.8 0.6 27.3]9.11e-003 || faultst020dp060 13.2 11.3 2.1 20.6]_1.10e-002
faultst-080dp040 2.0 2.5 0.5 20.2] 7.29e-003 || faultst020dp080 11.6 111 2.7 25.31.1.27e-002

All codes are showing excellent agreement at all stations for stress, slip rate, and slip, with metric
values well below 10%. (The last four stations show values > 10% only because of one code.)

Normal stress has large percentage errors because the change in normal stress is very small. There
is actually good agreement.
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Distance perpendicular to fault = z

- 4+10.0 km
- +5.0 km
- +1.6k

“Near side” of fault

=X

Distance along-strike
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Ve = 3464 m/s |
Vp = 6000 m/s !
p =2670kg/m3 !

i * * *— +1.6 km
i “Far side” of fault * * *

| e ¢ I - +800 m
: Ve =2165m/s %k 0 X

: VP =3750m/s S Sk %k

| | | S e S - —800 m
i“Near side” of faulﬁl p = 2670 kg/ m’ * * *

i i * * *- 1.6 km
i . Vg =3248m/s |

i | Vp=5626m/s | |

| 1 1
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Distance along-strike = x
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Transects Close-Up

The figure shows a close-up
of three transects in relation
to the low-velocity zone.
Note that the z scale is
exaggerated.

Each transect has 9 stations,
spaced 400 m apart:

e One station in the center
of the LV zone.

e Two stations halfway
between the center and
edges of the LV zone.

e Two stations at the edges
of the LV zone.

e Four stations outside the
LV zone.
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Normal wvelocity (m/s)

Transect at +4 km Along-Strike, at the Earth’s Surface — Normal Velocity

- Background S-waves

1 | Fault-normal motion excites the

1 | fundamental mode. The center of
4 | the LV zone has maximum
1 | amplitude, and halfway to the edge
4 | has about 0.7 of the max amplitude.
The edge has low amplitude but still
a little above background.

<«— QGuided wave

~ Edge of LV zone ( , red)
<—— Guided wave

<«—Halfway to edge of LV zone (black, magenta)

<— Center of LV zone ( )
T T T T | T T T T | T T
] 5 10
Time (s)
body-0045t040dp000 (transect at strike = 4 km, depth = 0 km, z = -0.4 km) * * *
bhody-008s5t040dp000 (transect at strike = 4 km, depth = 0 km, z = -0.8 km)
body-012st040dp000 (transect at strike = 4 km, depth = 0 km, z = -1.2 km)
body-0165t040dp000 (transect at strike = 4 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000st040dp000 (transect at strike = 4 km, depth = 0 km, z = +0.0 km)
body004s5t040dp000 (transect at strike = 4 km, depth = 0 km, z = +0.4 km) )
. “Near side” of fault
body008st040dp000 (transect at strike = 4 km, depth = 0 km, z = +0.8 km)
body0125t040dp000 (transect at strike = 4 km, depth = 0 km, z = +1.2 km)
body0165t040dp000 (transect at strike = 4 km, depth = 0 km, z = +1.6 km) * * *

Filtered at 10 Hz.

Code: ma.2
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Normal wvelocity (m/s)

Transect at +8 km Along-Strike, at the Earth’s Surface — Normal Velocity

- The guided wave travels more slowly

1 - | than the background S-waves,
indicated by an increased time lag <— Guided wave

] between the start of the background

- S-waves and the guided wave.
0 /

- Background S-waves

T T T T | T T T | T T
0 5 10
Time (s}

body-004st080dp000 (transect at strike = 8 km, depth = 0 km, z = -0.4 km) * * *
body-008st080dp000 (transect at strike = 8 km, depth = 0 km, z = -0.8 km)
body-012st080dp000 (transect at strike = 8 km, depth = 0 km, z = -1.2 km) “Far side” of faul
body-016st080dp000 (transect at strike = 8 km, depth = 0 km, z = -1.6 km) arside” offault
body000st080dp000 (transect at strike = 8 km, depth = 0 km, z = +0.0 km)
body004st080dp000 (transect at strike = 8 km, depth = 0 km, z = +0.4 km) “Near side” of fault
body008st080dp000 (transect at strike = 8 km, depth = 0 km, z = +0.8 km)
body012st080dp000 (transect at strike = 8 km, depth = 0 km, z = +1.2 km)
hody0l6st080dp000 (transect at strike = 8 km, depth = 0 km, z = +1.6 km) * * *

Filtered at 10 Hz.

Code: ma.2
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Normal velocity (m/s)

Transect at +12 km Along-Strike, at the Earth’s Surface — Normal Velocity

<«— Guided wave

0.5—
- Background S-waves
0

: The guided wave travels more slowly
- than the background S-waves,

~0.5— indicated by an even longer time lag
- between the start of the background
- S-waves and the guided wave.

1 1 1 1 I 1 1 1

0 5 10
Time (s)

body-004s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.4 km) * * *
body-008s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.8 km)
body-0125t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.2 km)
body-0165t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000st120dp000 (transect at strike 12 km, depth = 0 km, z = +0.0 km)
body004st120dp000 (transect at strike 12 km, depth = 0 km, z = +0.4 km)
body008st120dp000 (transect at strike 12 km, depth = 0 km, z = +0.8 km) “Near side” of fault
body012st120dp000 (transect at strike 12 km, depth =0 km, z = +1.2 km)
body0D16st120dp000 (transect at strike 12 km, depth =0 km, z = +1.6 km) * *

_ 29
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Horizontal velocity (m/s)

Transect at +4 km Along-Strike, at the Earth’s Surface — Horizontal Velocity

Fault-parallel motion excites the first
harmonic. Maximum amplitudes are
halfway to the edge of the LV zone,

27| and with opposite signs.
0
7 P-waves
~0.2—

Guided wave

</Guided wave

Edge of LV zone ( , red)

Minimum amplitude is at the center
of the LV zone, non-zero due to
asymmetry in material properties.
The edge has low amplitude but still
a little above background.

body-004s5t040dp000 (transect at strike = 4 km,
body-008s5t040dp000 (transect at strike = 4 km,
body-0125t040dp000 (transect at strike = 4 km,
body-0165t040dp000 (transect at strike = 4 km,

body000st040dp000 (transect
body004st040dp000 (transect
body008st040dp000 (transect
body0125t040dp000 (transect
body0165t040dp000 (transect

Filtered at 10 Hz.

at strike = 4 km,
at strike = 4 km,
at strike = 4 km,
at strike = 4 km,
at strike = 4 km,

Code: roten.2

depth
depth
depth
depth
depth
depth
depth
depth
depth

10
Time (s)
0 km, z=-0.4 km)
0 km, z=-0.8 km)* * *
O km, z=-1.2 km)
0 km, 2 = -1.6 km) “Far side” of fault
0 km, z = +0.0 km)
0 km, z = +0.4 km)
0 km, z +0.8 km) “Near side” of fault
0 km, z = +1.2 km)
0 km, z +1.6 km)
* * *

«—Halfway to edge of LV zone (black, magenta)
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Transect at +8 km Along-Strike, at the Earth’s Surface — Horizontal Velocity

Horizontal velocity (m/s)

- The guided wave travels much more
- slowly than the P-waves, indicated
0.2 by a greatly increased time lag Guided wave
- between the start of the P-waves
il and the guided wave.
0
P-waves
-0.2 -
T T T T | T T T | T T
0 5 10
Time (s)
body-004st080dp000 (transect at strike = 8 km, depth = 0 km, z = -0.4 km) * * *
body-008st080dp000 (transect at strike = 8 km, depth = 0 km, =z -0.8 km)
body-012st080dp000 (transect at strike = 8 km, depth = 0 km, z = -1.2 km)
body-0165t080dp000 (transect at strike = 8 km, depth = 0 km, =z -1.6 km) “Far side” of fault
body000st080dp000 (transect at strike 8 km, depth = 0 km, z = +0.0 km)
body004st080dp000 (transect at strike = 8 km, depth = 0 km, z = +0.4 km)
body008st080dp000 (transect at strike = 8 km, depth = 0 km, z = +0.8 km) “Near side” of fault
body012st080dp000 (transect at strike 8 km, depth = 0 km, z = +1.2 km)
hody0l6st080dp000 (transect at strike = 8 km, depth = 0 km, z = +1.6 km) * *

Filtered at 10 Hz.

Code: roten.2
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Horizontal velocity (m/s)

Transect at +12 km Along-Strike, at the Earth’s Surface — Horizontal Velocity

0.2—
7 P-waves
0
| The guided wave travels much more
' slowly than the P-waves, indicated by
- another big increase in the time lag
between the start of the P-waves and
“9-27 | the guided wave.
1 1 1 I

body-004s5t120dp000 (transect
body-008st120dp000 (transect
body-0125t120dp000 (transect
body-016s5t120dp000 (transect
body000st120dp000 (transect
body004st120dp000 (transect
body008st120dp000 (transect
body012s5t120dp000 (transect
bodyD16s5t120dp000 (transect

Filtered at 10 Hz.

at
at
at
at

at
at
at
at
at

strike
strike
strike
strike
strike
strike
strike
strike
strike

12 km,
12 km,
12 km,
12 km,
km,
km,
km,
km,
km,

12
12
12
12
12

Code: roten.2

depth
depth
depth
depth
depth
depth
depth
depth
depth

10
Time (s)

0 km, z = -0.4 km)

0 km, z =-0.8 km) * * *
0 km, z=-1.2 km)

0 km, z = -1.6 km) “Far side” of fault
0 km, z=4+0.0 km)
0 km, z=4+0.4 km)
0 km, z=4+0.8 km) “Near side” of fault
0O km, z=4+1.2 km)
O km, z=4+1.6 km) * *
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Y¥ertical velocity (m/s)

Transect at +12 km Along-Strike, at the Earth’s Surface — Vertical Velocity

0.1
'|
. P-waves , |
I:I — e
This does not look like a guided wave,
- because maximum amplitudes occur at
1 the edges of the LV zone ( , red). ¥
d
-0.1-
T T T T | T | T T 1
] 5 10
Time (s)

body-004s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.4 km) * * *
body-008s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.8 km)
body-0125t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.2 km)
body-0165t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.0 km)
body004st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.4 km)
body008st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.8 km) “Near side” of fault
body012s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.2 km)
body0D16st120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.6 km) * *

Filtered at 10 Hz. Code: daub
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Normal velocity (m/s)

Transect at +4 km Along-Strike, at 6 km Depth — Normal Velocity

- Background S-waves

N\

At 6 km depth there are two
guided waves, a direct wave and
1| a wave reflected from the free
1 | surface. Both are fundamental

-0.5—< | mode. The time lag matches the

4 | difference in path length at the
4 | V5 of the LV zone.

<— Direct guided wave

Ly

~ Edge of LV zone (

Reflected guided wave

<—— Direct guided wave

, red)

= Halfway to edge of LV zone (black, magenta)

<— Center of LV zone (

)

body-004st040dp060 (transect
body-008st040dp060 (transect
body-012st040dp060 (transect
body-0165t040dp060 (transect
body000st040dp060 (transect
body004st040dp060 (transect
body008st040dp060 (transect
body012st040dp060 (transect
hody0l16st040dp080 (transect

Filtered at 10 Hz.

at strike = 4 km,
at strike = 4 km,
at strike = 4 km,
at strike = 4 km,

at
at
at
at
at

strike = 4 km,
strike = 4 km,
strike = 4 km,
strike = 4 km,
strike = 4 km,

Code: luo

depth
depth
depth
depth
depth
depth
depth
depth
depth

Time (s)
6 km, z = -0.4 km)
6 km, z = -0.8 km)
6 km, z = -1.2 km)
6 km, z = -1.6 km)
6 km, z = +0.0 km)
6 km, z = +0.4 km)
6 km, z = +0.8 km)
6 km, z = +1.2 km)
6 km, z = +1.6 km)

T T |
10

“Far side” of fault

Hypocenter

“Near side” of fault

1
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Normal velocity (m/s)

Transect at +8 km Along-Strike, at 6 km Depth — Normal Velocity

Reflected guided wave

1 The time lag between the direct Direct cuided wave
and reflected guided waves is g
0. 4= reduced, because the
- difference in path length is less.
There is also less difference in \/
] amplitude.
0 / A :
i Background S-waves
~0. 4—
1 1 1 1 I 1 1 1 1 I 1
0 5 10
Time (s)

body-004st080dp060 (transect at strike 8 km, depth = 6 km, z = -0.4 km)
body-008st080dp060 (transect at strike = 8 km, depth = 6 km, z = -0.8 km)
body-0125t080dp060 (transect at strike = 8 km, depth = & km, z = -1.2 km) )

. “Far side” of fault
body-016s5t080dp060 (transect at strike = 8 km, depth = 6 km, z = -1.6 km)
body000st080dp060 (transect at strike & km, depth = 6 km, z = +0.0 km) N
hody004st080dp080 (transect at strike = 8 km, depth = & km, z = +0.4 km) Hypocenter
body008st080dp060 (transect at strike = 8 km, depth = 6 km, z = +0.8 km) “Near side” of fault
body012s5t080dp060 (transect at strike 8 km, depth = 6 km, z = +1.2 km)
hody0l6st080dp080 (transect at strike = 8 km, depth = & km, z = +1.6 km)

Filtered at 10 Hz.

Code: luo
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Normal velocity (m/s)

Transect at +12 km Along-Strike, at 6 km Depth — Normal Velocity

- Direct guided wave \
0.2— ﬂ
. Background S-waves
0

. The time lag between the direct
il and reflected guided waves is

-0.27 further reduced, because the
1 difference in path length is
_ even less. The amplitudes are

-0. 47 almost equal. Reflected guided wave

1 1 1 1 I 1 1 1 1 I 1 1 1

0 5 10
Time (s)
body-004s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.4 km)
body-008st120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.8 km)
body-0125t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.2 km)
. “Far side” of fault
body-0165t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.6 km)
body000st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.0 km)
body004st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.4 km) Hypocenter
body008st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.8 km) “Near side” of fault
body012st120dp060 (transect at strike = 12 km, depth = 6 km, z = +1.2 km)
body0D16st120dp060 (transect at strike = 12 km, depth = 6 km, z = +1.6 km)

36
Filtered at 10 Hz. Code: luo



Horizontal velocity (m/s)

Transect at +4 km Along-Strike, at 6 km Depth — Horizontal Velocity

Direct guided wave —

P-waves

_g. 1 | There are two guided waves, a
4 | direct wave and a wave

1 | reflected from the free surface.
Both are first harmonic.

Center of LV zone ( )

Reflected guided wave
A{//
A

TN ad
-

|
. ‘ A T
il

Edge of LV zone ( , red)

S~ Halfway to edge of LV zone (black, magenta)

body-004st040dp060 (transect at strike
body-008st040dp060 (transect at strike
body-0125t040dp060 (transect at strike
body-016st040dp060 (transect at strike

body000st040dp060
body004s5t040dp060
body0085t040dp060
body0125t040dp060
body0165t040dp060

5 10
Time (s)

= 4 km, depth = 6 km, z = -0.4 km)

= 4 km, depth = & km, z = -0.8 km)

= 4 km, depth = 6 km, z = -1.2 km) “Far side” of fault

= 4 km, depth = 6 km, z = -1.6 km)
(transect at strike = 4 km, depth = 6 km, z = +0.0 km) P
(transect at strike = 4 km, depth = 6 km, z = +0.4 km) Hypocenter
(transect at strike = 4 km, depth = 6 km, z = +0.8 km) “Near side” of fault
(transect at strike = 4 km, depth = & km, z = +1.2 km)
(transect at strike = 4 km, depth = 6 km, z = +1.6 km)

Filtered at 10 Hz. Code: barall
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Horizontal wvelocity (m/s)

Transect at +8 km Along-Strike,

at 6 km Depth — Horizontal Velocity

<«—— Direct guided wave

Reflected guided wave

0.10—
- The time lag between the direct
. and reflected guided waves is
1 | reduced, because the
0.05— difference in path length is less.
0
-0.05 i P-waves
1 1 1 1 I

0 5 10
Time (s)
body-004st080dp060 (transect at strike = 8 km, depth = 6 km, z = -0.4 km)
body-008s5t080dp060 (transect at strike = 8 km, depth = & km, z = -0.8 km)
body-0125t080dp060 (transect at strike = 8 km, depth = 6 km, z = -1.2 km)
. “Far side” of fault
body-016st080dp060 (transect at strike = 8 km, depth = 6 km, z = -1.6 km)
body000st080dp060 (transect at strike = 8 km, depth = & km, z = +0.0 km)
body004st080dp060 (transect at strike = 8 km, depth = 6 km, z = +0.4 km) Hypocenwr
body008st080dp060 (transect at strike = 8 km, depth = 6 km, z = +0.8 km) “Near side” of fault
body012s5t080dp060 (transect at strike = 8 km, depth = & km, z = +1.2 km)
body016st080dp060 (transect at strike = 8 km, depth = 6 km, z = +1.6 km)
38
Filtered at 10 Hz. Code: barall



Horizontal wvelocity (m/s)

Transect at +12 km Along-Strike, at 6 km Depth — Horizontal Velocity

- Direct guided wave \
0.05—
] P-waves l
- = /N0 %
R — Y : 2 . { . t i‘ .
e \_)/‘-.._'."r‘f' 7
- =~ .‘ E y
- The time lag between the direct and
- reflected guided waves is further
~0.059 | reduced, because the difference in
path length is even less. The /\
i amplitudes are about equal.
Reflected guided wave
T T T T | T T T T | T T 1
0 5 10
Time (s)
body-004s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.4 km)
body-008s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.8 km)
body-0125t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.2 km) “Far side” of fault
body-016s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.6 km) arside ot fad
body000st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.0 km)
body004st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.4 km) Hypocenter
body008st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.8 km) “Near side” of fault
body012s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = +1.2 km)
bodyD16st120dp060 (transect at strike = 12 km, depth = 6 km, z = +1.6 km)

Filtered at 10 Hz.

Code: barall

39



Vertical wvelocity (m/s)

Transect at +12 km Along-Strike, at 6 km Depth — Vertical Velocity

Reflected guided wave

0.05—
0
| | The vertical component looks like a first-
harmonic guided wave, but only the
i reflected wave is present. The lack of a
- direct wave may be because there is little
o oe vertical slip at hypocenter depth.
1 1 1 1 I

body-004st120dp060 (transect
body-008st120dp060 (transect
body-0125t120dp060 (transect
body-016s5t120dp060 (transect

body000st120dp060
body004st120dp060
body008st120dp060
body012st120dp060
body016st120dp060

(transect
(transect
(transect
(transect
(transect

at strike

at strike

at strike

at strike
strike = 12

at
at
at
at
at

Filtered at 10 Hz.

strike =
strike =
strike =
strike =

12 km,
12 km,
12 km,
12 km,
km,
km,
km,
km,
km,

12
12
12
12

Code: bai

5

depth
depth
depth
depth

depth
depth
depth
depth

6 km,
6 km,
6 km,
6 km,

Time (s)

6 km,
6 km,
6 km,
6 km,
depth = 6 km,

N N N N N

N N N N

-0.4 km)

= -0.8 km)

-1.2 km)
-1.6 km)
+0.0 km)
+0.4 km)

= +0.8 km)

+1.2 km)
+1.6 km)

10

“Far side” of fault
Hypocenter ¥ ¥ §

“Near side” of fault
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Transect at -6 km Along-Strike, at Earth’s Surface (Epicenter) — Horizontal Velocity

Horizontal velocity (m/s)

«—— Halfway to edge of LV zone (black, magenta)

— Edge of LV zone ( , red)

<«— 800 m past edge of LV zone (blue, gray)

Center of LV zone (fault) ( )

At the epicenter there is no guided
wave. We see a typical slow falloff
of amplitude with distance from the

fault.
T T T | T T T T | T T
0 5 10
Time (s)

body-004st-060cdp000 (transect at strike = -6 km, depth = 0 km, z = -0.4 km) * * *
body-008st-060cdp000 (transect at strike = -6 km, depth = 0 km, z = -0.8 km)

body-0125t-060cdp000 (transect at strike = -6 km, depth = 0 km, z = -1.2 km)

body-016s5t-060cdp000 (transect at strike = -6 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000st-060dp000 (transect at strike = -6 km, depth = 0 km, z = +0.0 km)

hody004st-060dp000 (transect at strike = -6 km, depth = 0 km, z = +0.4 km)

body008st-060dp000 (transect at strike = -6 km, depth = 0 km, z = +0.8 km) “Near side” of fault
hody012st-060dp000 (transect at strike = -6 km, depth = 0 km, z = +1.2 km)

body016st-060dp000 (transect at strike = -6 km, depth = 0 km, z = +1.6 km)

* * * i

Filtered at 10 Hz. Code: bydlon



Horizontal velocity (m/s)

Transect at 0 km Along-Strike, at 6 km Depth — Horizontal Velocity

Halfway to the edge of the LV zone, there is a
- double-pulse of horizontal velocity as the
' rupture front passes by.
Note: Colors are different because this
transect has 10 stations instead of 9.
0  —
i \
Edge of LV zone ( , purple)
\ Halfway to edge of LV zone ( , red)
-0.5-
i S——100 m from fault (black, magenta)
] T T T T | T T T T I T T
0 5 10
Time (s)
body-001st000dp060 (transect at strike = 0 km, depth = 6 km, z = -0.1 km)
body-004st000dp060 (transect at strike = 0 km, depth = 6 km, z = -0.4 km)
body-008s5t000dp060 (transect at strike = 0 km, depth = 6 km, z = -0.8 km) w N
Far side” of fault
body-0125t000dp060 (transect at strike = 0 km, depth = 6 km, z = -1.2 km) [\
body-016s5t000dp060 (transect at strike = 0 km, depth = & km, z = -1.6 km) —
body001st000dp060 (transect at strike = 0 km, depth = & km, z = +0.1 km) Hypocenter U
body004s5t000dp060 (transect at strike = 0 km, depth = & km, z = +0.4 km) “Near side” of fault
body008st000dp060 (transect at strike 0 km, depth = 6 km, =z +0.8 km)
body0125t000dp060 (transect at strike = 0 km, depth = 6 km, = +1.2 km)
body016s5t000dp060 (transect at strike = 0 km, depth = 6 km, z = +1.6 km) 42
Filtered at 10 Hz. Code: ulrich



Normal velocity (m/s)

'_'.

o

Transect at 0 km Along-Strike, at 6 km Depth — Normal Velocity

— 100 m from fault (black, magenta)

There is a very sharp pulse of fault-normal
velocity contained almost entirely within the
LV zone.

This pulse does not feel the asymmetry in
material properties: black lies almost exactly
under magenta, and red lies under

Halfway to edge of LV zone ( , red)

body-001st000dp060 (transect
body-004st000dp060 (transect
body-008st000dp060 (transect
body-012s5t000dp060 (transect
body-0165t000dp060 (transect
body001st000dp060 (transect
body004st000dp060 (transect
body008st000dp060 (transect
body0125t000dp060 (transect

body016s5t000dp060 (transect
Filtered at 10 Hz.

at
at
at
at
at
at
at
at
at

strike

strike
strike
strike

strike =

strike
strike
strike
strike

0 km,
0 km,
0 km,
0 km,
0 km,

0 km,
0 km,
0 km,
0 km,

ike = 0 km,
?Itoag:1uiric?1 "

depth
depth
depth
depth
depth
depth
depth
depth
depth
depth

10
Time (s)
6 km, z = -0.1 km)
6 km, z = -0.4 km)
6 km, z = -0.8 km) “Far side” of fault
& km, z = -1.2 km)
6 km, z = -1.6 km) —
6 km, z = +0.1 km) Hypocenter U
6 km, z = +0.4 km) “Near side” of fault
6 km, z = +0.8 km)
6 km, z = +1.2 km)
6 km, z = +1.6 km)

P
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TPV33 Transects — Code Comparisons



Transect at +12 km Along-Strike, at the Earth’s Surface — Horizontal Velocity

Code Comparison Movie #1.

body-004s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.4 km) * * *
body-008st120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.8 km)

body-0125t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.2 km)

body-0165t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.0 km)

body004st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.4 km)

bodyD08st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.8 km) “Near side” of fault
body012s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.2 km)

body016st120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.6 km)

* * *
Filtered at 10 Hz.




Transect at +12 km Along-Strike, at the Earth’s Surface — Normal Velocity

Code Comparison Movie #2.

body-004s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.4 km) * * *
body-008st120dp000 (transect at strike = 12 km, depth = 0 km, z = -0.8 km)

body-0125t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.2 km)

body-0165t120dp000 (transect at strike = 12 km, depth = 0 km, z = -1.6 km) “Far side” of fault
body000s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.0 km)

body004st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.4 km)

bodyD08st120dp000 (transect at strike = 12 km, depth = 0 km, z = +0.8 km) “Near side” of fault
body012s5t120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.2 km)

body016st120dp000 (transect at strike = 12 km, depth = 0 km, z = +1.6 km)

* * *
Filtered at 10 Hz.




Transect at +12 km Along-Strike, at 6 km Depth — Horizontal Velocity

Code Comparison Movie #3.

body-004st120dp060 (transect
body-008st120dp060 (transect
body-0125t120dp060 (transect
body-0165t120dp060 (transect

body000st120dp060
body004st120dp060
body008st120dp060
body012st120dp060
body016st120dp060

(transect
(transect
(transect
(transect
(transect

at
at
at
at

at
at
at
at
at

strike
strike
strike
strike
strike
strike
strike
strike
strike

Filtered at 10 Hz.

12 km, depth = 6 km, z = -0.4 km)

12 km, depth =6 km, z = -0.8 km)

12 km, depth =6 km, z = -1.2 km) “Far side” of fault
12 km, depth =6 km, z = -1.6 km)

12 km, depth = 6 km, z = +0.0 km) o

12 km, depth = 6 km, z = +0.4 km) Hypocenter

12 km, depth = 6 km, z = +0.8 km) “Near side” of fault
12 km, depth = 6 km, z = +1.2 km)

12 km, depth = 6 km, z = +1.6 km)
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Transect at +12 km Along-Strike, at 6 km Depth — Normal Velocity

Code Comparison Movie #4.

body-004s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.4 km)
body-008st120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.8 km)
body-0125t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.2 km) .
. “Far side” of fault
body-0165t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.6 km)

body000s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.0 km) o
body0045t120dp060 (transect at strike = 12 km, depth = & km, z = +0.4 km) Hypocenter
body008st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.8 km) “Near side” of fault
z
z

body012s5t120dp060 (transect at strike = 12 km, depth = 6 km, = +1.2 km)
body0D16st120dp060 (transect at strike = 12 km, depth = 6 km, = +1.6 km)

Filtered at 10 Hz.




Transect at +12 km Along-Strike, at 6 km Depth — Vertical Velocity

Code Comparison Movie #5.

body-004s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.4 km)
body-008st120dp060 (transect at strike = 12 km, depth = 6 km, z = -0.8 km)
body-0125t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.2 km) .
. “Far side” of fault
body-0165t120dp060 (transect at strike = 12 km, depth = 6 km, z = -1.6 km)

body000s5t120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.0 km) o
body0045t120dp060 (transect at strike = 12 km, depth = & km, z = +0.4 km) Hypocenter
body008st120dp060 (transect at strike = 12 km, depth = 6 km, z = +0.8 km) “Near side” of fault
z
z

body012s5t120dp060 (transect at strike = 12 km, depth = 6 km, = +1.2 km)
body0D16st120dp060 (transect at strike = 12 km, depth = 6 km, = +1.6 km)

Filtered at 10 Hz.




t-shift

body-016st120dp000

4.6] 9.6/7e-003

body-016st120dp060

8.3] 8.83e-003

body-012st120dp000

5.3]_1.08e-002

body-0125t120dp060

1.12e-002

body-008st120dp000

1.21e-002

body-008st120dp060

1.21e-002

body-004st120dp000

1.56e-002

body-004st120dp060

1.66e-002

body000st120dp000 1.45e-002
body000st120dp060 1.51e-002
body004st120dp000 1.55e-002
body004st120dp060 1.68e-002
body008st120dp000 1.24e-002
body008st120dp060 1.29e-002
body012st120dp000 5.9] 1.09e-002
body012st120dp060 7.9] 1.07e-002
body016st120dp000 5.3| 9.83e-003

body016st120dp060

o1
[HEN

9.17e-003

>_ Outside

LVZ

Edge of
LVZ

Inside
> L

VZ

Edge of
LVvVZ

>_ Outside

LVZ

Metrics for Transects
at 12 km Along-Strike
(Summary Across 9 Codes,
in Percent)

Looking at the 3d-vel column:

e Stations outside the LV zone

have values mostly < 10%,
showing very good agreement.

Stations inside the LV zone
have values ~ 20%, showing
moderate differences between
codes.

Stations at the edge of the LV
zone have intermediate values.

Stations at 6 km depth have
larger values than stations at
the earth’s surface, perhaps
due to the reflected waves.
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TPV33 Results — Off-Fault Stations



Horizontal velocity (m/s)

Vertical velocity (m/s)

body-100st-120dp000 (Distant Station at Lower Left)

Codes agree OK, not perfectly, with
one or two outliers. Differences late in
simulation may be due to boundary
interaction.

bai (Kangchen Bai - Spectral Element - SPECFEM3D)

barall (Michael Barall - FaultMod - 12.5 m)

bydlon (Sam Bydlon - Finite Difference - FD-O-WavelLab - 25m)
chen.2 (Xjaofei Chen - Finite Difference Method - CGFDM - 12.5 m)
daub (Eric Daub - Daub Finite Difference Code - 50m)

Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)

ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)

ulrich (Thomas Ulrich - DG Finite Element - 5eis501 -100m on fault-o5)

* *

“Far side” of fault

“Near side” of fault

* *

] I I I I é. I I 1ID I
Time (s)
1 Metrics:
"1 AvgQ=11.9
1 Max(Q =24.2
1 T T T T T T T T !

Time (s)

Filtered at 10 Hz.
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Normal velocity (m/s)

Normal velocity (m/s)

a.

a.

body100st040dp000 (Distant Station at Upper Right)

bai (Kangchen Bai - Spectral Element - SPECFEM3D)
barall (Michael Barall - FaultMod - 12.5 m)

77 Metrics: bydlon (5am Bydlon - Finite Difference - FD-Q-WavelLab - 25m)
chen.2 (Xjaofei Chen - Finite Difference Method - CGFDM - 12.5 m)
b AVg Q = 110 daub (Eric Daub - Daub Finite Difference Code - 50m)
_ _ Tuo (Bin Luo - Finite Element - EQdyna - 12.5m)
02— MaX Q - 180 ma.2 (Shuo Ma - MAFE - 12.5m on fault - absorbing boundary 50 km)
roten.2 (Daniel Roten - Finite Difference - AWM - 12.5m)
7] ulrich {Thomas Ulrich - DG Finite Element - SeisSol -100m on fault-o05)
0 Enlarged view at bottom shows how
I each code is a bit different, despite OK
] overall agreement. Differences late in
. simulation may be due to boundary
T T T T I T T T T I 1 . .
0 5 _ 10 interaction.
Time (s)
04—
- * *
E
oz N Enlarged View * * +*
i “Far side” of fault
D_
T “Near side” of fault
02_ T T T I T T I * *
[} 3 10
Time ¢s)
Filtered at 10 Hz. * * * 53




Normal velocity (m/s)

Normal velocity (m/s)

Mirror-Pairs of Distant Off-Fault Stations

body-050st-040dp000 (hody -5.0 km, strike -4.0 km, depth 0.0 km)
body050st-040dp000 (bhody 5.0 km, strike -4.0 km, depth 0.0 km)

If the material properties were
symmetrical, the normal velocity
would be the same at each mirror-pair
of stations.

The waves on the “fast” side (red)
arrive earlier and with lower
amplitude than the waves on the

5 10 “slow” side (black).

Time (s)

body-100st-120dp000 (body -10.0 km, strike -12.0 km, depth 0.0 km)
bodyl00st-120dp000 (body 10.0 km, strike -12.0 km, depth 0.0 km)

® * *

* *

“Far side” of fault

“Near side” of fault

* *

-0.04

5 10

Time (s)
Filtered at 10 Hz. Code: barall * *
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3d-disp|3d-vel| t-shift
body-050st-120dp000 4.1 7.6] 1.09e-002
body050st-120dp000 4.7 8.0] 1.01e-002
body-050st-040dp000 2.1 4.1].8.94e-003
body050st-040dp000 2.7 4.7|_7.67e-003
body-050st040dp000 2.5 6.5] 1.26e-002
body050st040dp000 3.0 7.0] 1.16e-002
body-100st-120dp000 7.6] 12.5] 1.13e-002
body100st-120dp000 8.8] 14.0] 1.24e-002
body-100st-040dp000 49| 6.7]8.94e-003
body100st-040dp000 6.4 7.6]_7.78e-003
body-100st040dp000 5.4 10.5] 1.75e-002
body100st040dp000 2| 11.4| 1.57e-002

J\.

5 km
>'from fault

10 km
>'from fault

Metrics for Off-Fault Stations

(Summary Across 9 Codes,
in Percent)

Looking at the 3d-vel column:

Other than the four “corners”,
values are < 10%, showing very
good agreement.

The four “corners” have values
above 10%, but still good.

Stations 5km from the fault
have smaller values (better
agreement) than stations 10 km
from the fault.

Stations on the “slow” side
(body-050* and body-100%*)
have smaller values than
stations on the “fast” side
(body050* and body100%*).
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Conclusions



Conclusions
1. TPV33 is our first benchmark with a low-velocity fault zone.

2. Codes achieved excellent agreement at the source:

e Rupture contours.
e Waveforms at on-fault stations.
e Process zone widths.

3. Good results require higher resolution on the fault than might be expected from the process
zone widths.

4. We demonstrated the existence of guided waves in the low-velocity fault zone.

e Fault-normal motion excites the fundamental mode of the waveguide.
e Fault-parallel motion excites the first harmonic of the waveguide.
e At depth there are two guided waves, a direct wave and a reflection from the free surface.

5. At off-fault stations outside the LV zone, codes achieved very good agreement.

6. Inside the LV zone, agreement is more challenging.

e Codes show some differences in amplitude and shape of the guided waves.
e Waveforms in the LV zone are surprisingly sensitive to good resolution of the source.
e But there is agreement on the general structure and phase of the guided waves.
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