Realistic Earthquake Ground Motion Prediction by
PhysicsBased Numerical Simulations
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Qutline

A Waveform simulation by finite-difference method (FDM)
I Velocity model
I Surface topography
I Point source vs. finitefault
A Case study: the March 4, 201QJiashian earthquake
I Simple finite-fault models
I Site amplification
A Enhancement of waveform simulation efficiency in @ model
I Strain Green tensor (SGT) approach to ground motion calculations
I Solving moment tensor by 3D SGT
I Resolving fwlt-plane ambiguity
A Finite-frequency sensitivity kernel for structural heterogeneity




Waveform Simulation Method in Various FrequencyBands
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Finite-Difference Method

3-D Vp Model (Wu et al., 2007)

A Solving wave equation by FDM
ri= PTO f #Wave Equation)
T=C:E €:[ b (+u)f (Constitutive Law)

A Advantages of FDM
I 3-D structures
i Straightforward mesh generation
i Local operators (easily to be parallelized)
i High efficiency

A FDM with Traction Imaging (Zhang & Chen, 2006)
I Surface topography

3-D velocity Model
(Wu et al, 2007)




Dealing with Topography in FDM

A Traction-Imaging Method (Zhang & Chen, 2006
I Non-uniform grid (coordinate mapping)
I Modeling internal interfaces and topograp
I Requiring less computational resources

Topography (GTOPO30)
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Topography: GTOPO30
(Zhang & Chen, 2006 A Released bWSGS

A 30 aresecond resolution (~1km)
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Velocity Model and Ground Motion
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Surface Topography and(Ground Waotion

1-D Model 1-D Model+Topoegraply

PGV - Syn. (pt) PGV - Syn. (pt) Topography (GTOPO30)

120° 121° 122° 120° 121° 122°
T T T T

> os

[km]

Distanc

B
=
=
=
=3
-
-
&0
&
[24

-124°

n

—123°

TopographyGTOPO30
A Released by/SGS

A 30 aresecond resolution
(~1km)

22

! ! ! 1
120° 121° 122° 120° 121° 122°



Surface Topography and(Ground Wiotion

- Topographic Amplificatiom Factor -

1-D Velocity Model

3-D Velocity Model
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Topography effect depend:
on velocity model



Point/Finite Source and Ground Motion

(a) Vz - 18.000sec

Isotropic
rupture

(b) Vz - 18.000sec

Point source

‘1A 1-D model

" |A F M.(318 ,41 67)
| A V=24 km/sec

i A Source scaling:

- Mw~6
- 10km (L) x 20km (W)
(Yen & Ma, 2011)
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Source Directivity and Ground Motion

(C) Vz - 18.000sec (d) Vz - 18.000sec
Along-strike Up-dip strike
rupture rupture
E_l Fault-plane
(c) (d)
— |1

Along-strike Up-dip Rupture
Rupture

1-D model

F. M. (318,41 ,67)

Vg=2.4 km/sec

Source scaling:

- Mw~6

- 10km (L) x 10km (W)
(Yen & Ma, 2011)
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Case‘Study:itheliashian Earthquake

PGV fiom CWB Stations
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LA~ The Jiashian Event (2010.03.04)

BATS CMT:

I Mw=5.66,Depth:18km

I Focal mechanism:
S:318e¢4 1RB67c¢€
S:168e52RB:108 ¢

A Strong PGV observations near
coastal area, southiest Taiwan

I Rupture directivity?

I Siteamplification?
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Casesstudy:itheliashian Earthquake
- Simple Finite-fault Models -

strike Rupture Delay Time

0 0 Fo
Strike :318.05 , dip: 41.39
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A Effective fault width (10km) and length (10km) are based on scidingtudy

A Assumedupture velocity: 2.4km/sec
A Tests of rupture in 5 directions (13.5Hr per computation)



Casesstud

- Rupture Dire
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Case Study:itheliashian Earthquake

- Site Amplification -
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(Lee & Tsai, 2008)

A We account fosite amplification based
on thesite classification mapof Taiwan
and following the practice of USGS for
making shake maps.

~2-10 Hz ~0.52.5 Hiz

Class | Vel Short-Period (PGA) Mid-Period (PGYV)

150 | 250 | 350 150 | 250 | 350
B 686 1.00 | 1.00 | 1.00 | 1.00 1.00 | 1.00 | 1.00 | 1.00
BC 724 0.98 | 0.99 | 0.99 | 1.00 0971097097 | 098
C 464 1.15| 1.10 | 1.04 | 0.98 1.29 1126 1.23 | 1.19
CD 372 1.24 | 1.17 | 1.06 | 0.97 149 | 1.44 | 1.38 | 1.32
D 301 1.33 [ 1.23 | 1.09 | 0.96 171164155145
DE 2908 1.34 | 1.23 | 1.09 | 0.96 1.72 1 1.65| 1.56 | 1.46
E 163 1.65(143|1.15|0.93 255|237 (214|191

(ShakeMapManual, USGS)




Case‘Study:itheliashian Earthquake

Finite-fault + 3-D Model

+ Topography
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BATS

CaseStudy:itheJiashian Earthquake - Z
- PGV Map Comparison - of 4

PGV from CWB Stations Our Model Lee & Lu, 2010 (TEC Workshop)

PGV - Obs. PGV - Syn. (predict) PGV - Syn. (Lee & Lu, 2010)
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Case‘Study:ithe\WutailEarthquake

CWB report
A Lon:120. 1&@R. 75¢eN
Depth:26.3km, M, : 6.4

CAP solution (IES) @

A Focal mechanism
Plane-1: strike:1 2 ,dp:5 9 gke: 4 3 ¢
Plane-2: strike: 1 1 @ip:5 4 gake:1 1 6

BE : *FERUE [ ASFRTEHERE

128 ok R R

B3R 1 WI0I03RE

H#i: 00 2H % H

BERE 10 0¥ 35 4 04 B

o5 GIE D LA 2075 B WAL 12075 B
I BRSETRRILS 2804 2E

ikt REEEE

MBRE: 263 AR

PREHE 1 64

24 EHMEREE

FERME=HF] SR WEMERAW 8

SEMAME SR mERsEEm 248

gt 5B PSR 24

sRM 5B & 48

23 BEHIEL 4B TEENHEER 28

EEEREET 4R EFEREsE 2

ot 48 EHEWEL 248

BRI 448, ﬁ!ﬂmiﬁlm #

Tk 4R DIEMERE 1
WEGEE R HENNEN 18
01 LABTLE B &AE 1

CWB report off the Feb 26", 2012event
(tihe Wutaii eartihquake)




- Point source waveform simulation
(2-secperiod Gaussian STF, ~0.8H2

- 3-D velocity model (Kuo-Chen3D) 0.19 [SCC]
- ETOPOL1 topography (with bathymetry)

Z-component
Wavefield Snapshot


topo_wave.avi

Strain Green Tensor ((SGIT) Appreachito
Ground Moetion Calculations
u(re,tr)=Se,t)"G ., tr )

A Seismicwavefield:
ufr,tr )=M:H( ,tr ) (Zhao et al, 2006)

‘ Receiver
STF j
_4( B SGT
Source Model

A Capability
(1) Ground motion prediction
(2) Solving moment tensor and rupture process
(3) Sensitivity kernel calculation
A Much more efficient way for grid search and less disk usage
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SGT Approach to Ground Motion Calculations

A Comparison oforward simulation andSGT stacking

I Point sourcesimulation (STFandmoment tensor

I Finite-fault simulation (fault-plane geometrandrupture speed

Point Seurce Simulation

Station TCU089, Point Source
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Red-solid line: forward simulation
Black-dashed line: synthetic from SGT

Finite-Fault Simulation
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SGT Database(GConstruction

A Taiwan Rapid Earthquake Information
Release SysteniTREIRS) by CWB

I More thanl00stations (shofperiod and
broadband)

I High resolution (24-bit dynamic range)
A FDM Mesh and SGT Database Construction

I 74 3-component TREIRS stations

I 3-D velocity model (Kuo-Chen3D)

I 2-secperiod Gaussian STF

I Topography and bathymetry

I Computation takeS000 CPU hoursand
3TB disk space

A Capability of SGT database
I Synthetic seismograms for 74 stations from

each source model can be obtaimetkss

than 1 second (222 synthetics)
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Solving Moment Tensoriby B3DSSGT

A Grid Search Parameters

T CWB source location

22.74 N, 120.78 E, Depth=20.4km
I Strike: 07-180, dip: O1-90 , rake: O -3600

each at an interval &if

I Grid search ofl6,656point sources
I 13stations (filtered in 0.08.1Hz)
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Resaolving IFaultPlane Ambiguity by SGT

A Finite-Fault Parameters
I Fault plane dimension is estimateddmaling law study(Yen and Ma, 2011)

I Two conjugate fault planeswith different rupture types and speedscular, lateral,
andbilateral (total 78 rupture models)

i Site amplification RMS = \/éinif(PG\ébs- PGV, )
I Minimum RMS for choosing the best finitefault model

Kuo—Chen3D+ETOPO1+Site (Finite~Fault,00033) PGV Observation
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A The simplified finitefault model
shows a lateral udip rupture with a
rupture speed of 0.95*sn planel.

Dip Direction [km]

Resolving IFaultPlane Ambiguity by SGT

Plane-1:

Strike/dip/hake:
315/201 /2000

Rupture Delay Time

2.5 3 35 4
Strike Direction [km]

4.5

108

[sec]

Synthetic Observation

Kuo-Chen3D+ETOPO1+Site (Finite-Fault,00033) PGV Observation
2 A 121"

22

PGV map comparison between observation and our
predicted model with quastlinear site effect correction
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SGT Approach to Ground Motion Calculations
- Performance Benchmairk-

A Point Seurce Simulation
I ~46,000p0int sourcesfor possible focal mechanisms

I 10 minfor all data processing and measureméftqore}
A 1/0 from SGT database, filtering, cressrrelation, misfit calculation
A 30secfor each component of a certaitation 6ingle corg

A Finite-Fault Model Simulation
I 78 simplified finite-fault models (each model contair4s point sources)

I 3 min for data processing and searching minimal RMS from PGV mar:
comparison



Sensitivity Kernel

Rainbow L . . .
Wihite light dispersion in triangular pnism

Scatteror



Sensitivity Kernel

A Traveltime (U [y andamplitude (i ) anomaliesmeasured by

crosscorrelation forms:
t i
ﬁ'f U, (t)du(t) dt ) ﬁ u, (t)du(t) dt

iy U (0 it

af= — aiy
A U (1)|” dit

A Sensitivity kernel (Fréchet kernel)

d=pjor)mr) o’r YV d t = AIﬁ(r)a’m(r)d""’r

Data mapping Perturbation form

A Model parameteperturbations (e.gvavespeed quality factor,
Interface geometny)

A Kernel expressions can be derived3@§T (Zhao et al, 2006)



Waveform Perturbations

Displacement field
Stress field

Strain field

Elasticity tensor
Greenods t €
Strain Green Tensor

A Sensitivities of waveform anomaly to
I Velocity perturbation (Zhao et al, 2006

TOOMm-dc

du,=fjH , @EdT
I Quality factor perturbation (Hsieh, 2009MSc Thesi$

o =[f3 : F(D K™(r) ehdtdr + : Ayl Kr) @ dtd)

' . ' .
elastic anelastic

i Boundary topography perturbation (Dahlen, 2005)
du, =i @l - FiiQ EC:E ] d*x
A A{ED OuETS d° o
- i, FIEDBO ° ®) AET 5 & a)Ou’ x
Ao T, @ ©, {ETOH 10



Sensitivity Kernel in Homogeneous\Madel

A Waveform simulation bfFDM
Duration of wave propagatio20 seq0.002
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Sensitivity Kernel in Homogeneous Model

A Traveltime and amplitude kernels of#rave to
velocity perturbation

A The traveltime kernel shows typical banatmghnut
shape



