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Waveform Inversion
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The data in Taiwan region

The number of earthquakes
e
|

4 5 6 7 8
My

Total event number : 19

Fault type num. eq.
Strike 8 7
. |Reverse (13)
Dip 14 12
Normal (1)
7.75 x 10> Nm MW(4.6) f ' g - RN _. 21°

119° 120° 121° 122° 123°

~3.79 x 102 Nm M,,(7.7)
(Yen and Ma, 2011)

Background Seismicity M >3 (1990-2007)



Characterizing of slip model dimension

N

Z(Dui ><Ws)

f :Bu =12
() _

u: the order of grids along
strike direction

D : theslipof eachgrid

N : the number of grids
along dip direction

W, : subfault length

W : fault width fromslip models

(Bracewell, 1986; Mai and Beroza, 2000)

De — I\/IO /(:uLeWe)

f*f =j_‘1 f(u)- f(u — x)du

L.=(, f*fa/(f*f|)

ChiChi 19990921 (M7.7)
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The scaling properties I

slope = 0.47

& Strike-slip

log(Le) (km)

A slope of near 1/2 for relation 0 , - % i
between the dimensions (L., W,) ! T
and seismic moment (M,).

A constant trend for relation
between mean slip (D,) and
seismic moment (M,).

log(We) (km)

The regression of Mai&Beroza(2000)
has less predicted width.

Roughly, mean slip follows the
regression of Mai&Beroza(2000).

log(De) (cm)




Magnitude scaling relations of Yen and Ma in 2011

log(Le) (km)
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Distinction of magnitude scaling relations

Compilation of suggested magnitude scaling relationships

Tectonic Regime Reference Source type M range Relation
Crustal Wells and Coppersmith, 1994 All,SS, R, N surface : 5.2-8.1 M-L
(global scale or local subsurface : 4.8-8.1
scale for Taiwan) 4.8-7.9 M-A

Hanks and Bakun, 2008;2014 SS 5-8 M-A
Wesnousky, 2008 All,SS, R, N 5.9-7.9 M-L
Leonard, 2010 All, SS, DS(R,N) [5.0-8.0 M-A&M-L
Yen and Ma, 2011 All, SS, R, N 4.6-7.6(8.9) M-A&M-L
Suduction /oceanic Blaser et al. 2010 All, SS, R, N 5.3-9.5 M-L
Subduction — interface Murotani et al., 2008 Undefined 6.7-8.4 M-A
Strasser et al, 2010 R 6.3-9.4 M-A&M-L
Subduction —intraslab Ichinose et al., 2006 Undefined 5.3-7.9 M-A
Strasser et al, 2010 R 5.9-7.8 M-A&M-L

17



An issue for the seismogenic zone

Seismic Bedrock

(A)Unspecified fault (~3 km/sec)

A
[ !

Short < length of active fault < Long

Seismogenic
zone

Y Y
Bland fault (B)Specified fault

The bottom of
seismogenic zone
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The depth-to-top rupture
extent in a strong motion
simulation is crucial for

seismic hazard mitigation.

To achieve a more accurate
seismic hazard model, a more
realistic estimation of the
rupture width with lateral
variations is required.
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Generalized ray expansions of the P,
SH, and SV displacement potentials
resulting from a point-source dislocation
are evaluated at the surface of a layered

half-space.
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Ground motion produced by finite, kinematic fault surfaces is modeled at the
surface of a homogeneous half-space. The Green's functions for point dislocations
are summed to investigate the effects of different rupture velocities and source

AN =

av/33 10 x5 km STATION DISTANCE = 100 km
03cm J 10 crr,r‘.aea
— :\-"‘-—-.__H__‘
T:=5.0 sec : ] TR T 20 3088c R T o _'f!h?;':“' """ 30 sec
VF=O'9B .Z_,,,_,_,, o s e e SR e Z hrw-.m,-
| =i R
¢ T r T o ¢ -‘W_I—P—'—FV—'—l—l—v—v——u—rrﬁ-%-v—l—ry—rr—rr—w-—
h/w/_. \I

(Hartzell et al, 1978)
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Detail of the scenario modelled

Representative accelerograms

Maodal summation method

Ray-theory methods

Finite element method
Finite difference method

-__—__“-———.
\

Lattice particle method
Spectral elements method
Finite volume method

Hybrid numerical methods

Semi-analylical methods

Group-velocity

~

Empirical
ground-mation
models

MNon-stationary
black box methods

— —

dispersion curve method

Physics-based stochastic method

Hybrid
empirical-stochastic method

Physics-based
extended stochastic method

/ {stochastic)

Empirical Green's functions

i |
Stationary black box methods \ Empirical Green's functions (standard)
ARMA methods
Macroseismic-intensity correlations
Spectrum-matching methods
1930s 1840s 1850s 1960s 1970s 1980s 1990s 2000s

(Douglas and Aochi, 2008)
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TiEEA EZitR SR R IEBEHE?

o I NIMNERINZRE (peak ground acceleration, PGA )

o I ANIMEFRIRE (peak ground velocity, PGV)
o EE(Intensity) (EAPGATHFE)

o [72FER LFREEMAHERFE 2 FEFE (response spectrum)
( SA0.3/5%SA1.0)

| *‘“ W o8 1th ) 10 3 [E FE IS
S e,
(ground acceleration time-history)
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DSHA & PSHA

EEEMEEEEDH R EMEBEEEDH
Deterministic Seismic Hazard Analysis Probabilistic Seismic Hazard
Analysis
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Recipe for predicting ground motions from
source faults of earthquakes
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Flow of Seismic Reevaluation - New Seismic Regulatory Guide

(1) Geological survey and active fault evaluation

(2) Determination of Design Basis Ground Motion Ss

Ground motion by specific source Ground motion by
Selection of sources for examination according unspecified
t;::: the types of earthunkes source Items to be
: . blind faults -
Ground motion Ground motion ( ) reflected to
evaluation by response evaluation using source Observed ground seismic safety
spectrum (empirical) model (numerical) motion on rock site reevaluation
_ ¥ - . based on the
' ‘ I ) ' indings from
Design basis ground refer Probability of findings f
motion Ss exceedance the 2007
| Chuuetsu-oki
C. Evaluation of seismic safety of facilities Earthquake
Evaluation of seismic Stability evaluation of basemat
<« Safety of important
structures <
Accompanying events

Evaluation of (Stability of surrounding slope)

important comp-
onents and piping

A
A

9sueyiodwi
JO uolyedlyisse|d

Accompanying events
(Safety against Tsunami)
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Guideline before & after Revision

Item

Before

After 2006

Active Fault

Active in the past 50 thousand
years

Active in the past 120-130
thousand years

Vertical ground
motion

Static ground motion

Static + Dynamic ground motion

Assumed Earthquake

At least M 6.5 10km under the

Based on the investigation

plant results
Design ground
motion 1,52 Ss
Seismic Classification As,A, B, C S,B,C

Evaluation method

Response spectrum

Response spectrum
+ Fault model

PSA evaluation

None

Recommended to evaluate on
“Residual Risk”
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(1) Monitoring of Seismic Activity (2) Observation of Strong
Ground Motion

and Field Survey of Active Faults

(3) Exploration of
Velocity Structures

Predictability of Earthquakes

Inversion of Rupture Process

Imaging of 3-D Structures

Macroscopic  Microscopic
{Outer) {Inner)

Rupture directivify

Characterized
Source Model

Modeling of Earthquake Source Faults
(Outer source parameters)
(Inner source parameters)

(Extra fault parameters)

Empirical approach

~ Theoretical
Stochastic

Hybrid

Estimation of Green's Functions
(Theoretical Green's functions)
{Empirical Green's functions)
{Stochastic Green's functions)
(Hybrid Green's functions)

Validation by

Past Earthquakes

Simulation of Ground Motions
{Ground motion time histories)
Historical Records of @ (PGA, PGV)
(Response spectra)
(Seismic intensity)

(Irikura and Miyake, 2010)

GMPEs

Seismic Hazard

Study

Estimation of Structural and Geotechnical Damage
Estimation of Social Impacts and Losses

35
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Recipe for Strong Motion Prediction

Outer Fault Parameters

E Rupture area S is given.

E  Seismic moment Mo from the empirical relation of Mo-S.

E  Average static stress-drop Ac_from appropriate physical model
(e.g., circular crack model, tectonic loading model, etc.)

Inner Fault Parameters

F Combined area of asperities Sa from the empirical relations of S-Sa
or Mo-Ao.

Stress drop on asperities Ao, based on the multiple asperity model.
Number of asperities from fault segments.

Average slip of asperities Da from dynamic simulations.

Effective stress for asperities ¢, and background area o, are given.
Slip velocity time function given as Kostrov-like function.

Extra Fault Parameters

@ Rupture nucleation and termination are related to fault geometry. .



Quter Fault Parameters

Parameters characterizing entire source area

I3 /
l] 12 /\

Inland crustal earthquake )———';:‘_"’_-—-‘/—"‘j"

[=l1+[2+13

E Step 1: Give total rupture area (S=LW)

E Fault length (1) is related to grouping of active faults from geological and
geomophological survey.

E Fault width () is related to thickness of seismogenic zones (Hs) and
dip (0), i.e. W=Hs/sin 6.

B Step 2: Estimate total seismic moment (Mo)

empirical relationships 16

M, = Ao -S*

77

E Step 3: Estimate average static stress-drop (4c,) on the fault
a circular-crack model (Eshelby, 1957) for L/W less than 2

or a loading model (Fujii and Matsu‘ura, 2000) for L/W more than 2.
38



Revised Scaling Relationship of Outer Fault Parameters
-Rupture Area versus Seismic Moment-

100000.0
10000.0
~ 10000
s
= == S=1.00 % 101"My
? 1000
2
100 —
100E+18  100E+19 100E+20 100E+21  100E+22

MO (Nm)

(Murotani et al., 2009; Matsushima et al., 2010)
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Quter Fault Parameters
N

BB E \\
CLLEN AN
/ 01

1

" Strike
/ Segment 2

Strike

Segment 1

T3t (0333
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Inner Fault Parameters
Slip heterogeneity or roughness of faulting

Inland crustal earthquake 1"
B Step 4: Estimate combined area of asperities *y 10° - o7
(Sa) from empirical relation Sa-S - ",’
(Somerville et al.,, 1999; Irikura and Miyake, 2001 ) & | 7 74
5 107 - e
J/(

Sa/S = 0.22 = &
@ S 2%/
5 10" e/

. . . = 1 ¥/
Sa: combined area of asperities (inner) S
S : total rupture area (outer) ol
1 10? 10° 104

rupture area (km?)

— Step 5: Estimate Stress Drop on Asperities (Ac,)
from multi-asperity model (Madariaga, 1979)

— S
AO‘a — AJC «— Ac,: stress drop on asperity (inner)

a Ac,: average stress drop (outer)

41



Inner Fault Parameters
Slip heterogeneity or roughness of faulting
Inland crustal earthquake

B Step 6: Estimate number of asperities (N): The asperities in the

entire fault rupture are related to the active-fault segments  location
< from surface offsets measured along fault

1992 Landers earthquake

apth (km)

Latitude

3
elong Strike (km)

Wald and Heaton (1994)

Silic [om]
700
600700
500600
at3.500

Miyakoshi (personal comm.)

B Step 7: Estimate average slip on asperities (Da) based on Step 6 and
empirical relationships from dynamic simulations
(ex. N=1 > Da/D=2.3, N=2 > Da/D=2.0, N=3 > Da/D=1.8)

reference: average Da/D = 2.0 (Somerville et al., 1999) -
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Fig.01 Surface trace of the Kego fault (red line) in Kyushu Island.

Table 01 Source parameters.
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Fig 17 PGV distribution on engineering bed rock calculated by Hybrid simulation.
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NGA-east GMC

Next Generation Attenuation Relationships for Central & Eastern
North-America (Lack of observed data)

e Task E: Finite-Fault Simulations
— To develop a database of low frequency simulated ground motions
to supplement the recorded data for CENA using finite-fault models

— Most of the simulations will be completed on the SCEC BroadBand
platform

— Dr. Frankel (USGS) is working independently, developing broadband
synthetic seismograms using his own simulation methodology
e Task F: Point-Source Simulation Methods

— To develop new alternative generalized (double-corner) point-

source simulation models using CENA data and the finite-fault
simulation results to constrain the source spectrum.

e Task G: Point-Source Simulations

— To develop a database of simulated ground motions to be used in
GMPE development
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NGA-east GMC

Table 1B.2  Summary of earthquake scenarios.

Reverse with a dip of 45
and an average rake of 90°

Zrog (km)

Magnitud Length (km)*  Width (km)* Area (km®)*
agnitude ength (km) idth (km) rea (km’) considered

5.0 2.5 (2.55) 2.5 (2.58) 6.25  (6.46) 0,5,10

The simulations were 5.5 5 (5.08) 4 (4.02) 20 (204) 0,5,10

for footwall conditions 6.5 20 (20.2) 10 (10.1) 200 (204) 0,5, 10
75 80 (80.2) 25 (25.4) 2000 (2041) 0,5,10

8.0 160 (159.8) 40 (40.4) 6400 (6456.5) 0.5
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Handford GMC

Hanford Sitewide Probabilistic Seismic Hazard Analysis

GMC Databases : 3-D Wave Propagation Effects
— 3-D Models of the Hanford Site Region

— Ground Motion Simulations for Selected Earthquake
Scenarios

— Assessment of the Importance of 3-D effects
Validation of Simulations — small earthquake
Forward simulation : 3D/1D 0.5 - 10 sec

Crustal earthquake & Subduction zone earthquake

— 3-D wave propagation modeled using the finite difference
code of Liu and Archuleta (2002)

— 1D simulation using frequency-wavenumber integration code
of Zhu and Rivera (2002).
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Handford GMC

* Need to be amplified by factors of 4 or more to
account for the basin effects caused by the
uppermost sediment layers at the

e GMCTI Team reached the conclusion

— while the presence of basin effects at the Hanford Site is
accepted as a distinct possibility for many source-site
combinations, the implied amplification factors found by
Frankel et al. (2013) at periods of less than 2 sec are not
considered reliable

— the effect of any potential basin effects would be within
the range of amplitudes implied by the ergodic standard
deviations associated with the GMPEs
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SWUS GMC

SOUTHWESTERN UNITED STATES GROUND MOTION
CHARACTERIZATION SSHAC LEVEL 3

e Validation and forward simulation:

— Part A : comparison between the simulated and
observed PSA for past earthquakes

— Part B : comparison between the simulated PSA and

those computed using the NGA-West1l GMPEs for mag.
and dist.

— Part C: Forward simulation

e Addressed four issues: (GMC Tl Team)

— magnitude and distance scaling of near-fault ground motions
— magnitude scaling for HW effects for moderate

— rules for estimating ground motions from complex ruptures
— rules for estimating ground motions from splay ruptures
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SWUS GMC

WIOTION 1IN Vg 2 29U MYS
Europe Nrecfegk = 3
(RESORCE) Adjusted to Viz=760 m/s
PEER-AZ sy PEER Arizona Earthquakes from NGA-West2 in | Estimation of the median path
Regions 1 and 2&3 recorded at | terms for Regions 1 and 283
stations in Arizona (for PYNGS)
Nrec/eqk 2 3
Mpec/station 2 5
( using the broad ground-motion model (for \
band platform REV: M5.5, M&.0, and MB.5 DCFP)
SIM SCEC simulations | REV: M5.5, M6.0, and M&.5 Evaluation of the scaling of
using the broad | Dips: 10, 20, 30, 45, 60 the HW effect for magnitudes
band platform Zrog: 2.5,7.5,12 km between M5 and M&.5, and

Ry = 70 km for 55, & Dip = 80 deg.

for Zyag scaling (for DCPP)
L 1 . [ [
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EIASCER &

ASCE 7-16, 16.2.2. (Nonlinear Response History Analysis):

L

3
=

“A suite of not less than 11 ground motions shall be selected
for each target spectrum. ... Where the required number of
recorded ground motions is not available, it shall be
permitted to supplement the available records with
simulated ground motions. Ground motion simulations shall
be consistent with the magnitudes, source characteristics,
fault distances, and site conditions controlling the target
spectrum.”
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