Relax

Semi-analytic Fourier-domain solver and equivalent
body forces for quasi-static relaxation of stress
perturbation

Sylvain Barbot
California Institute of Technology
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~~ » Coulomb stress

> Quasi-static stress transfer
> Postseismic transients

> Surface loads
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Computational Infrastructure for Geodynamics
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Relax Examples

B> Coseismic slip
B> Simplest input file
B> Complex fault geometry

B> Viscoelastic flow

B> Simple nonlinear viscoelastic flow model

B> El Mayor-Cucapah

P> Research examples

B> 2010 Mw 7.2 El Mayor-Cuca

nah earthquake

P 1999 Mw 7.6 Chi-Chi earthg

uake

> GRACE surface loads in the Himalayas



Coseismic slip - Simplest model

Mesh is uniform and rectangular 3%
SE>

relax --no-proj-output <<EOF

# SX1,SX2,SX3 (grid size)
2565206256

# dx1,dx2,dx3 (km),beta (0-0.5),ng 2
(02850002 o0 e R O

iH SN

SXI42

D?CL DX2

DX3

list the fault patches

x. (north
relax <<EOF i€ /

#no slip XS ys zs length width strike dip rake
Yl P 1 G Sy L el v S P G ST e e s I 3 N (o S ) SRS [0t X, (east)
R = et I 8 S S ke 4 0 S o Hne M (12 7 Xy e (M o R

3 0.46 14.2 -45.41 6.5 Brit s a3 B 8D S O e 150546

90-pip
EOF x, (depth)



Coseismic slip - Simplest model

relax --no-proj-output <<EOF

# SX1,SX2,SX3 (grid size)

296242562256

# dx1,dx2,dx3 (km),beta (0-0.5),ng (2)

S5 Y Bl 2508 9= 20 . .
origin position & rotation h ComPU»tatlonal grld

0
#
00O

# observation depths for displacement and for stress
05

# output directory (all output written here)

output directory

# lambda (MPa), mu (MPa), gamma (1/km)

3e4 3e4 8.33e-4 - .
# integration time, time step and scaling constitutive parameters
Qi1 1
# number of viscous observation slice
0
# number of observation points SOurcCes
0
# number of Coulomb patches
0
# number of prestress interfaces
0 # number of events
# number of linear viscous interfaces :
0 # number of shear dislocations
# number of power-law viscous interfaces !
0 # no slip xs ys zs length width strike dip rake
# number of friction faults 1 1-10 0 0 10 10 Q7210 0
0 # number of tensile cracks
# number of interseismic loading strike-slip and opening 0
0 # number of dilatation sources
0 0

# number of surface traction

0

EOF



Coseismic slip - Complex fault geometry

Coseismic slip distribution of Fialko (2004).
Location: examples/mojave/landers.sh

Ise3405 7104 24675 45743921 050565564794 1.3 2 #5915 O I T4 5
s B4 an NIOR = MG Uy Wl T I A L RT O RS e st o mll s Mo L el B ey DS A e N B Ea s
0.46688 14.201 -45.481 6.5269 3.74 3.53 132.7 91.0 -150.6
(5389 86 MNP o 6688 =1 2557347518 n¥a 26 9r= 31 B o Sr il 2t /e Ol S-S Sl 56
e 338 1= 0 i3 4165 = 310- RO 8 1= 62 5596 9 =30 A w3 e 535 3 e 9 AR 0yl 725 8
22 099774 16 8 0= 465745 I G 4 00 582 e 08 2195 2~ 8 N9 1 s 0L a0
082996 652752 68 M L A3 L D A0S B 8 1125 52 A 32 IO S04 4-010

4265700052909 =3 35635 *~:4::9 37000 5050 20458 9723779 102900

o O v W IN -

list all the fault patches, filter, modify:

# number of coseismic events

I

# number of shear dislocations

vawks, ~BEGINL =01 D (85> 352 L8 ¥ 552 2016 =L EYENDAprimt o =S EHTY
# index slip x1 x2 x3 length width strike dip rake

vawk s 7 BEGINECEIR Lf R 55720 25665 b 220N {Sl=Ccrprint =S 0re=ct B aSFLT
# number of tensile cracks

0



Coseismic slip - Complex fault geometry

GMT plots with the postprocessing tool grdmap.sh
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Coseismic slip - Complex fault geometry

Paraview display




Nonlinear viscoelastic flow

nonlinear viscoelastic relaxation following slip on a strike-slip fault
Location: examples/tutorials/run2.sh

setup the duration of the simulation

# integration time (in years), time step, scaling factor
238 S8 G 0 SRS

setup the mechanical structure

# viscous interfaces are depths where the viscous properties change.
# number of linear viscous interfaces
0
# number of powerlaw viscous interfaces
2
# no depth gammadot0 power cohesion
1 S 5e3 Sl et
2 8.0 5e3 SR 0.0
# ductile zones corresponds to volumes where viscous properties change.

# number of power-law ductile zones
0



Nonlinear viscoelastic flow

nonlinear viscoelastic relaxation following slip on a strike-slip fault
Location: examples/tutorials/run2.sh

GMT plot of the coseismic deformation

> grdmap.sh -b -3/3/-3/3 -v 0.5 -p -0.05/0.05/0.001 -e ../../util/erpatch.sh
output2/000

GMT plot of the postseismic deformation

> grdmap.sh -b -5/5/-5/5 -v 0.01 -p -0.005/0.005/0.0001 -s 0.5 -
e ../../util/erpatch.sh output2/050-relax

Paraview rendering of
the postseismic transient




Relax
Research Examples

From geological settings to geophysical modeling



Case of the El Mayor-Cucapah earthquake

Total strain is decomposed in elastic and

inelastic strain components
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Case of the El Mayor-Cucapah earthquake




Case of the El Mayor-Cucapah earthquake

thickness

Setup a mechanical structure with lateral

724 EEWT ; B -c;'\oﬁ‘
variations in viscous properties \69% ¢

.vé§$
i~

A
.-".5'&&&
# number of linear viscous interfaces

0
# number of powerlaw viscous interfaces
1
#

no depth gammadot0 power cohesion
1 70 1 EF28 0250

# number of nonlinear ductile zones

Y,

# no dgammadot0 x1 x2 x3 length width thickness strike dip
1 1 90 -20 40 400 30 140 147 90
2 B0 =20 05 100 EH 140 —=33515:9.0

# number of fault creep interface

width



Case of the El Mayor-Cucapah earthquake

file SOPTS contains a list of stations

NAYX 19.5234 -19.1933 -0.023816
NVLX 29.9628 -11.3416 -0.0211503
PTAX 4.29884 -13.5242 1.06037
QUEX 32.4871 5.96725 -0.0162088
YUMX 29.1409 -51.9288 -0.0284696
B9 6Y 6.9 55 A2 0708509 02 00 16 5

file SOPTS contains a list of stations

# number of observation points
“grep -v "#" SOPTS | awk -v 1=S$LEN \ . .
e b e e ey filter out GPS stations outside
BEGIN{i=0} pREEE computation grid
{1f (abs($2)<1l && abs($3)<1l){i=i+1;}}
ENDIprIinEsrds
# no NAME x1 x2 x3
“grep -v "#" SOPTS | awk -v 1=$LEN \
'function abs(x){return (0>x)?-x:x}
BEGIN{i=0}
Lkt absiiS2) <l 8 absit a3/l Vypr ot s S-S 8e S0
# number of stress observation segments
0



Case of the El Mayor-Cucapah earthquake

Investigating the effect of rifting on postseismic relaxation

stratified viscoelastic structure with effect of rift zone
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Postseismic relaxation

following the 1999 Mw
7.6 Ghi-Chi earthquake

* Largest displacements in the near
field of the rupture in a direction
compatible with thrusting.

* Anomalously high cumulative
displacements 10 yr after the quake
along the Longitudinal Valley.

* [ocalized deformation along the
south extension of the Chelungpu
Fault.

* Escape motion of the northern
stations.

* [arge heterogeneities of
characteristic relaxation times with
factors up to a factor of 10 or more.
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UPLIFT AND EXHUMATION OF THE CENTRAL RANGE

Beissac et al. (2007), Simoes et al. (2007)

peak temperature (°C)

500+

4001

¢ RSCM temperature
=== model

— =model (future HR)
100+ v > - 5 ¥ "
30 40 50 60 70 80 90
distance to front (km)
underplating ‘ underplating
frontal beneath HR (st phase)
accretion > e
«—
altitude

(

A 4

A
]

2

40-

* Geothermologic markers indicate high
temperature anomalies below the Hsuehshan Range

(HR) and the Tananao Complex (TC) around a
colder the Backbone Slate (BS) units.

* A thermo-kinematic model indicates that the high
background thermal gradient of 30-35 °C/km 1n
Taiwan 1s uplifted to reach 400 °C at 10 km depth.

temperature model °C (Simoes et al., 2007)
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data from (Wu et al., 1997, 2007)
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Model D. coupled afterslip & 3D viscoelastic flow
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1999 Mw 7.6 Chi-Chi, Taiwan, earthquake

Setup the mechanical structure

H ~ FH O I H* ~ 3

H* N K

number of linear viscous interfaces
no. x3 gammadotO (1l/tm) cohesion :
T3 0.5 0 «—— viscous substrate below 30km depth.
number of viscous zone
no. dgammadotO x1 x2 x3 length width thickness strike dip
15 5 -101.48 -0.90 15 200 15 40 20572910
number of nonlinear viscous interfaces $\\\\ 2
ductile zone below
number of fault creep interfaces the Central Range.
no. x3 Vo (a-b)sigma friction cohesion L ;
LHATE 80 1 0.6 0 «—— friction properties
number of creeping faults for fault Slip
no. x1 x2 x3 length width strike dip rake
0[S S o 0 e Y B 07 0l 80 20 5280 90 .
«—— creeping fault planes
2 =269 =4 <5 80 20 5 5 90 PACE P

quick Paraview displays with the --dry-run option.



Monsoon excitation of the lower crust

GRACE_ELASTIG_DEFORMATION Elastic or viscoelastic response to surface
0005m  —> loads monitored by GRACE are modeled to
' o - | compare with GPS time series.

I
N
- :
2000 - 5 - . —

1000 -

Vertical Disp. (mm)

—25||||||||||||||||||||||||||||||||||||||||
2003 2004 2005 2006 2007 2008 2009 2010

—1000

Vertical Disp. (mm)

—25 T | L | T 171 | T 171 | T 17 | T T T | T T T | L | T

2003 2004 2005 2006 2007 2008 2009 2010
Year

—z000 ¢ YARE

—2000

Vertical Disp. (mm)

—25 T | T TT | T T T | T TT | T T T | T T T | T TT | T T T | T

BT - 203 2004 2005 2006 2007 2008 2000 2010

Year
—0.0250 -0.0125 0.00008 0.0123 0.8250 I ‘ Elastic At H=30km: 10"%Pas

10'8Pa.s

10'"Pa.s ‘

Chanard et al. (in prep.)



Monsoon excitation of the lower crust

loads the list of GPS stations and setup
the mechanical structure

# elastic parameters and gamma

80e6 80e6 8.33e-4

# integration time (years), time step (years)
1512131290 0289:73

# number of observation points

"wc ../gps/gps _km.dat"

# no. NAME x1 XD

AWk P rint ANR S, S35 82 03 AP e g s Agpsskinsdats

# number of linear viscous interfaces

1

# no depth gammadot0 cohesion (gammadotO=1/tm)
220050 10 0.0

# number of linear ductile zones

0



Monsoon excitation of the lower crust

with a database of GRACE loads as a function of time

0 20020728 20020806 km.dat
0.0273973 20020807 20020816 km.dat
0.0547945 20020817 20020826 km.dat
0.0821918 20020827 20020905 km.dat
0.1095890 20020906 20020915 km.dat «—— long list of surface loads
0.1369860 20020916 20020925 km.dat
7.0411000 20100329 20100407 km.dat
7.0684900 20100408 20100417 km.dat
7.0958900 20100418 20100427 km.dat

construct a complex history of loading

# number of coseismic events (when slip distribution is prescribed)
"wc $DDIR/$CATALOG
“awk -v d=SDDIR '({
if (0!=$1){print S$1};
prints0s;
PFIERCA0s
printi o
system("wc "d"/"$2);
system("cat "d"/"$2)}' SDDIR/SCATALOG"
EOF



More real-world examples

Explore the database of published coseismic slip models
and their input file before starting your own

B> Database of coseismic slip models and input files
B 1964 Mw 9.2 Alaska earthquake

1992 Mw 7.3 Landers, CA earthquake

1999 Mw 7.1 Hector Mine, CA earthquake

1999 Mw 7.6 Chi-Chi, Taiwan earthquake

2001 Mw 7.8 Kokoxili, Tibet earthquake

2004 Mw 6.0 Parkfield, CA earthquake

2010 Mw 6.8 Yushu, Qinghai, China earthquake

2011 Mw 9.0 Tohoku, Japan earthquake

e 1 O ST NG e N N AN SN

20102011 Canterbury earthquakes, New Zealand
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~~ » Coulomb stress

> Quasi-static stress transfer
> Postseismic transients

> Surface loads

S8 N
\_“\:.\\ \\\\.
=\ S W,
\_\\-\\\\:\\
. 2N _~ \“'
TR
~ N
e RS
/ SRR ™
’ L e W N ~ 3
R Fras R R .
- - . .,
’ 5 . \\ ~, h
4 ™~ .\‘- N - o
! ™~ . .
J \_\» ™~ \‘\‘ . K o
; \_\ . 2 \\-, \'\ \'\\ :
» K . . . R . N - e
/ X . . . . R N T e
R Y N - N\

Computational Infrastructure for Geodynamics


http://www.geodynamics
http://www.geodynamics
http://www.geodynamics
http://www.geodynamics

