Earthquake forecasting and probabilistic seismic

hazard assessment: applications to Taiwan

- Development of seismicity rate evolution model
- Development of probabilistic seismic hazard assessment

- Applications to Hualien and both Meishan & Jiashian cases
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Rate of 1st prize: 1/22,085,448
Expected value: ca. 44 NTD

5

Rate of 1st prize: 1/ 13,983,816
Expected value: ca. 27.5 NTD

:2#%

Daily fatality rate due to car accident in Taiwan: ca. 1/4,000,000
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Use weather forecast to decide

if an umbrella is necessary

Risk of precipitation is
shown in probability
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Probabilistic Seismic Hazard Assessment (PSHA) is....

Reference for seismic
hazard mitigation policies

 Building codes

« Site selection of structures

nuclear power plant.....



Is 4th Nuclear Power Plant safe from seismic hazard?
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Tohoku case.....




What can we know priori to the 2011 Tohoku earthquake?

Loss: US $235 billion™

Explosion of the
nuclear power plant

*The most expensive natural disaster in world history.



Largest Foreshock
(M7.3: 03/09 11:45)

Mainshock (M 9.0:
03/11 14:46)

The 2011 M9.0 Tohoku- O 2011/02/13 00:00 - 03/09 11:44

O 2011/03/09 11:45-03/11 14:45

Oki earthquake follows
a foreshock sequence

s
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T
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[t might be forecasted if
foreshock-mainshock
behaviors are well-
understood.

38°

by Kato et al., 2012

Meishan case....



All the three events in the Meishan sequence
caused casualties in the Chiayi region

After 1906 Meishan

wiVle
Meishan
M,,6.9 A

N Meishan

Chan et al., 2013

Jiashian case...
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traditional PSHA......
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Outlines.....




Outlines

- Earthquake forecasting models
- Long-term rate by a smoothing Kernel

- Rate evolution by ACFS & rate/state model
- Probabilistic seismic hazard assessments

- Applications
- Hualien City during 2006-2010

» The Meishan sequence during 1904-1906
- The Jiashian sequence during 2010-2012



Distribution of seismicity density in the surrounding area

Smoothing Kernel function

PL-1
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K(M,r)=

Power Law index

»X-PL) (1.5-2.0)

Bandwidth function

Seismicity
density
High

Low

Bandwidth function

Mean nearest event
distance (km)

Regression result :
- H(M) = 0.8951™%M

Regression
curve

Behaviour of larger
magnitude events can
be simulated by this way

Data point
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Traditional zoneless approach (Wu, BSSA, 1996)

Possibility of occurrence with
different target & event magnitudes

Gaussian distribution
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Difference mag. between target & event ones

Apply to Taiwan...



Distribution of seismicity for reference & forecast periods

Reference period: | I
1973-2007 . :

.

Forecasting period:
2008-2009
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forecast result...



Ranges of W

magnitude

Higher rate for smaller magnitudes
- Follow G-R Law

Higher rate at the eastern offshore
- The plate boundary

Reference period: 1973-2007

= 4.0=sM<4.9

g




Ranges of
magnitude

Higher rate for smaller magnitudes
- Follow G-R Law

Higher rate at the eastern offshore
- The plate boundary

Good correlation with the
forecasting event distribution

Reference period: 1973-2007
Forecast period: 2008-2009

Molchan diagram...
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Molchan diagram represents....

Map-view of possibility

Molchan diagram of seismicity occurrence
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Molchan diagram represents....

Map-view of possibility

Molchan diagram of seismicity occurrence
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Molchan diagram represents....

Map-view of possibility

Molchan diagram of seismicity occurrence
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Fraction of failure

to predict
100%
N
N N Forecasting model compare with
N observations during 2008-2009
80%
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Fraction of space occupied by alarm

100%

Only 18% events occurred in
the half lowest density region

Reference period: 1973-2007
Forecast period: 2008-2009

ACFS....



Short-term seismicity rate evolution

* The Coulomb stress change

e The rate-and-state friction model



Depth dependency & mechanism heterogeneity should
be considered for the near-real-time ACFS calculation
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Nantou case...
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Seismicity activity cannot simply be explained by the Omori decay
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ACFS...



24.0°

Chi-Chi ACFS associated with events
during 1999 Sep and 2013 May

23.9°
The stress beneath the
23.8° décollement is enhanced
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spatial variable receiver....



Assumed the same focal mechanisms as
nearest references for ACFS calculations

Ref focal hani Assumed receiver faults
eference focal mechanisms ot ACFS caleulation

Period: 1991-1999
After Wu et al., 2010 -

e O
@ ©
® O
(/

Catalli & Chan, 2012



Good forecasting ability by spatial variable receiver
faults & Max. ACFS among entire seismogenic zone

ACFS compares with aftershocks

Assumed receiver faults
for ACFS calculation

ACFS by the Chi-Chi earthquake (bars)

km
2 — =
Negative Positive

surface
rupture

Seismicity:

L 3 r/no. after Chi-Chi

rate/state....

Catalli & Chan, 2012




The rate-and-state friction model (Dieterich, 1994)

Coulomb Stress
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Most events occurred in the

rate enhanced region

Seismicity rate change (%)

—
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Molchan diagram...



Fraction of failure

to predict
100%
N
N N Forecasting model compare with
bservations during 2008-2009 :
N SRS Only 28% events occurred in
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Fraction of failure

to predict

100%

80% -

60% -

40% -

20% -

Forecast seismicity rate compare
with seismicity during 2008-2009

Kernel function

0%
0%

I I I I
20% 40% 60% 80%

Fraction of space occupied by alarm

Only 28% events occurred in
the half lowest density region

Not as good as forecast
model by the Kernel function

Reference period: 1973-2007
Forecast period: 2008-2009

Chan et al., 2012

Combination....



Combine the two models for another forecasting model

Increase

Decrease

A0=02 8L, o Period: 2008-2009
£ e .

Forecast time: o’ 35 M=3.0
End of 2009 o<, e C Depth=40km

The Kernel function

The rate/state friction model




Fraction of failure
to predict

100%

Forecast seismicity rate compare
with seismicity during 2008-2009
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Compare with other results....



Fraction of failure

to predict
100%

Forecast seismicity rate compare

ith seismicity during 2008-2009 1
with seismicity during Only 28% events occurred in

80% : .
the half lowest density region
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PSHA....



Application of the Probabilistic
Seismic Hazard Assessment (PSHA)

* Long-term & short-term seismicity density rate
* Considering ground motion prediction equations

* Application to Hualien City

why Hualien....






Seismicity with M=6.0
during 1900-2010

large

Most of the
earthquakes take place

along the east coast

Hualien is one of the

most populated cities

along the east coast

Rate evolution.....
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Evolution of seismic
rate during 2006-2010

Significant rate increase near
Hualien after eq.6 (M5.1)

Evolution of rate change during 2006-2010
- ! ! ! ! 1
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Considering ground motion prediction equations
for probabilistic seismic hazard assessment

Surface
T -
arget "---o Dig
. Tl t
position ~—-Mce .
Based on ground motiN Eed
prediction equations
Ground motion prediction equations used in this study:
Crustal events Iny=-25+1.205M,, —1.905In(R+0.51552exp(0.63255M,,))+0.0075H Lmz(‘;"oléee'
Interface events lIly =-09+1 .OMW -1.9 IH(R +0.99178 6Xp(052632MW )) +0.004H ] Lin et al
2011

Intraslab events lny =-09+1 .OMW -19 ln(R +0.99178 exp(052632MW )) +0.004H +0.31 —

R: distance to the site; H: hypocentral depth

*GMPEs for the footwall and soil sites o ,
seismic hazard evolution.....



Significant rise of seismic hazard after eq.6

Seismic hazard for the 475-year
return period (PGA in g)

1

0.9

0.8

0.7

0.6

0.5

0.4

Eq.6 Mw5.1
Hualien
A
Long-term PSHA
in Hualien: 0.46 g
v —] ~T— T
2006 2006.5 2007 2007.5 2008 2008.5 2009 2009.5 2010 2010.5 201
Time (year) SA



Twice of seismic hazard is evaluated after eq. 6
Larger differences for the shorter response periods

Seismic hazard for the 475-year
return period (m/s?)

10 ¢
Acceleration response
- . Seismic hazard 1 day after eq.6
spectra in Hualien
i /
001 __
0.01 — — ] R
0.01 Short 0.1 1 Tall

Meishan..... buildings Respond period (s) buildings



The time-dependent PSHA can be
applied to the Meishan sequence

After 1906 Meishan

i St S  Y
e e pe 1 I oo e b

- - o I e 4
A 7 T, il i

wiVle
Meishan
M,,6.9 A

N Meishan

Chiayi j

After 1906 Meishan

Chan et al., 2013



Higher hazard after each earthquake
Higher hazard in the neighboring city

Annual exeedance probability for PGA=0.6 g

50%

40%

30%

20%

10%

0%

Evolution of seismic hazard
Meishan shock MW6.9 > Yanshuigang IN Ch|ay| dunng 1904'1 909
4 shock
M,,6.4
1904 /
Touliu
o,
Xingang Meishan
Chi;yi
¥
Yan?t?igj/a;'
Touliu
shock
Mﬁfj Chan et al., 2013

1904

1905 1906 1907 1908 1909
Time (year)



Importance of seismic hazard preparation near the Meishan fault
Our results provided information on the seismogenic fault system

Ta-mao: Lu-chu-pon (47 = i) Ta-mao: Mei-tze-keng (317 3¢)
the floor subside more than a foot, The ground opened suddenly,
the ground outside the north wall one firewood collector dropped
uplifted more than a foot. into the fissure. Then the ground

rice field subside closed.

1792
| - 114 yr.
1906
| - 108 yr.
| ¢ 2014 ??2?
A
The Meishan Fault (1906 Meishan Earthgauke) By Prof. 5.N. Cheng

Jiashian case....



% Before Jiashian

% After Jiashian

*

*

Mar. 4,-2010,

Jul. 25,2010,
Taoyuan M5.5

*

B

Active Taults

*

Study
region

4

Jiashian M6:4

*
*

Feb. 26,2012,

Wutai M6:1

x

Higher seismicity rate after Jiashian

Before Jiashian:
M=>5.5 events: 3 (0.03 event/year)
M=>5.0 events: 12 (0.11 event/ year)

After Jiashian:
M=>5.5 events: 3 (1.00 event/year)
M=>5.0 events: 3 (1.00 event/year)

Chan & Wu, 2012

rate evolution.....



Higher rate is expected near epicenters
Consequent events can be forecasted

(

\

2 2 7

Right after
Jiashian shock

Right after
Taoyuan shock

Right after
Wutai shock

( ( (

Aainan

Maolin

9
Kaohsiung
" Taoyuan z Wutai g
Right before epicenter: Right before epicenter: End of 5012
Taoyuan shock +396 % {| Wutai shock +18 % A Chan & Wu, 2012
Seismicity rate evolution in R ! ! ! [ [ [ -

the southern Taiwan region -50% -25% -10% -5% -1% +0 +1% +5% +10% +25% +50%

hazard evolution



Higher seismic hazard is evaluated after
occurrence of each large earthquake

Seismic hazard for the 2.1%. annual
exeedance probability (PGA in g)

[
0.95 - v Jiashian eq. , , . :
Seismic hazard evolution in Southern Jiashian
. _ _ Tai M6.4
0.85 - Taiwan after the 2010 Jiashian shock N
A*<Taoyuan
M5.5
0.75 - Wutai Wutai \wytai  Thitung o
Hazard in Different cities eq. KaohSium e
0.65 A Taoyuan eq. . _ v A 30 k
v Taitung Wutai 2 Tl
I Maolin Kaohsiung
0.45 A Tainan
Chan & Wu, 2012
0.35 1
] i \
0.25 frmm— ]
0.15 . . . . .
2010 2011 2012 2013

Time (year)



Application: Warnings for precise industries
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Application: To determine Business Continuity Planning

Train, Test
& Maintain Assessment €.g.,

Disaster recovery management;

Life Cycle Blusiness
Analysis

Earthquake resistant design;
Development

Insurance essentiality;

Selection




Application: To determine insurance rate categories
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Is 4th Nuclear Power Plant safe from seismic hazard?

Our result: 0.23 & with 10% in 50 yr

Seismic design: 0.40 g

What we have obtained:

e Low hazard in the site

 Might safe from seismic hazard

Crucial future works:

* Consider active faults for PSHA
* Investigate site condition

* Implement waveform simulations

* Investigate historical earthquakes

Seismic hazard (P4 « Assess seismic risk
e

Low High




Thanks!
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Rapid ACFS calculation
Chi-Chi ACFS

Jiashian sequence
Forecasting models
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log(We) (km) 0g(Le) (km)

0g(D,) (cm)

Source slip model for each earthquake by the scaling law

3 Year Month  Day Longitude (°) Latitude (°) My  Depth (km) Strike (°) Dip (") Rake (°)
o] 2008 2 17 121.45 23.28 5.0 19 8 45 54
2008 2 29 122.55 23.99 4.8 31 304 20 145
‘ 2008 3 4 120.72 23.22 4.9 18 208 42 83
0 2008 4 14 121.43 22.79 4.7 23 289 32 -101
2008 4 23 121.66 22.89 5.6 13 241 64 159
oo i a8 e e 4v 22 2008 4 23 121.65 22.88 4.7 12 233 55 150
09(M,) (Nm) 2008 5 10 122.45 24.00 5.4 o5 324 36 165
i I 2008 5 13 121.04 22.72 4.9 17 265 40 147
3] 2008 8 1 121.55 24.06 4.7 27 68 27 121
2008 12 2 121.60 23.28 4.9 26 359 46 54
2008 12 7 122.17 23.84 4.6 26 193 39 108
0 2008 12 23 120.57 22.95 4.9 18 326 41 84
—_— 2009 1 3 121.68 24.19 4.9 24 248 13 104
W, W ar e M @ B & 5909 6 28 121.77 24.18 4.8 19 240 29 101
29(e) (Nm) 2009 7 13 122.17 24.07 5.8 21 321 48 166
.1 2009 7 16 122.15 24.09 5.0 31 59 80 9
, | : - 2009 7 16 122.24 24.05 4.6 26 335 64 171
2009 7 26 120.99 23.68 4.6 23 321 41 38
. 2009 7 26 121.27 23.48 4.7 27 91 54 153
0 Displacement | 2009 10 3 121.59 23.66 5.7 17 244 46 122
—————+ 2009 11 5 120.72 23.79 5.1 22 230 57 145
e B Y X "’:1 ;9 @ % 2009 1 5 120.74 23.78 4.8 18 203 44 122

g(M,) (Nm)
After Yen & Ma, 2011 Form the BATS catalog

rate/state....



Assumed the same focal mechanisms as
nearest references for ACFS calculations

Reference focal
mechanisms

Depth <40 km

Focal mechanisms (1991-2007)
acquired after Wu et al. (2010)

Spatial variable
receiver fault for
ACFS calculation

14
*

- *
ams®®

*
4EmEEEEED

Source egs....



Insignificant different when variations of Ao are assumed

Fraction of failure to predict

100%
%35\(1 20° 121° 122° Forecast seismicity rate compare
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Difference of rate change by considering Ac=0.1 and 0.4 (%)
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Combination model....



Insignificant different when
bandwidth function are in the
confidence interval

|
T 7 3

i T )

P 120

e Forecast events
25°

Difference of seismicity density rate by considering
upper & lower bound of 95% confidence interval (%)
M l ! ! ! ! ! .

-10.0 -50 -10 -05 -01 00 +0.1 +05 +1.0 +50 +10.0

Mean distance of nearest
event in In(km)

Fraction of space occupied by alarm
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Assume the intersectional
regions with
Mc<4.0 for TTSN &
Mc<3.0 for CWBSN

as the study area

Period:
1973-1993

TTSN

Period:
1994-2009

CWBSN

2

Hypocentral depth < 40 km

M_ for each catalog

L ———
0 24 28 3

2 3.6 4.0




Bandwidth functions acquired
from the distribution of
reference earthquakes

Mean distance of nearest
event in In(km)

3.4
The derived bandwidth functions together
with the 95% confidence intervals

2.9 1

2.4 -

1.9 1

1.4 -

0.9

-~ Magnitude

Reference
- period:

11973-2007 /-

'06 I I T T
3 3.5 4 4.5 5

Forecasting results...
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Why time-dependency should be implemented for risk assessment?

D Christcl_lurch

Darfield earthquake

* Consequent events may
result in larger damage

e For short-term needs:
relief & shelter

e For mid-term needs:
recovery & reconstruction

Chan et al., 2012

Earthquake Distance to Christchurch  PGA 1n Christchurch

2010 Darfield 40 km 0.30 ¢
2011 Christchurch 5 km 1.88 ¢




The proposed flow chart for PSRA

Long-term seismicity rate _~E,inquake catal V Short-term seismicity rate change
Decluster Rupture parameters
of source events

V/Declustered Catalog/ Coulomb stress calculation (ACFS)

Regression ACFS of source
events

Smoothing Kernel

Long term Selsm|CIty rate
seismicity rate evolution

Bandwidth Rate-and-state friction model
function

Long-term probabilistic seismic i
GhPES /4> hazard assessment (PSHA) - SHoft-tem FSkiA

PSHA Long-term emporal Evolution Short term
hazard maps of seismic hazard hazard maps

A4
_—  Exposure ey

Probabilistic seismic risk assessment
" Vulnerability _ ey

PSRA / Loss maps / / Loss curves /




Concerns of this model:
No data for PGA>13 g;

Distribution (log-log) is different from building vulnerability model

<
N
N
O
xR
N

<

100%
Regression from the 1999 Chi-Chi case
80% — Wu et al. (2002)
S
L 60% -
e logo(FR)=-12.572+4.282-10g,(PGA)
©
Fin
T 40% -
©
LL
20% - _ .
Regression using
observation
0% -

0.0

0.5

1.0

Peak ground acceleration (PGA) in g
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Vulnerability models tor ditferent building
types types for varies building codes

100.00%
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Alternative procedures for mortality estimation

Alding distributio/

Building damage curve

ﬁpulaﬁon distributiVL) population to building type ratio

Population exposure
(related to building type)

Fatality curve

y
/ Mortality /




Alternative procedures for mortality estimation

/ ] / Relative / | /
Building distri ution/ ncome

Building damage curve

ﬁpulation distributiVL) population to building type ratio

Population exposure
(related to building type)

Fatality curve

v v
/ Mortality / Fatality curve (related to income)




Analysis the relations between each other

HiIncome HiIncome

|Building type|

| Collapse rate

Mortality

{Mortality




Further application: seismic risk assessment

Hazard Exposure Vulnerability

Hazard curves Population /Building Loss ratios
Hazard maps distribution
Loss curve * Loss map

o
o

A
y

o
o

or/and

-
FS

Probability density

—
~

L=
o
o
=3
b

IPCC, 2012
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1906 Meishan Earthquake .3
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26°

250 -’

24°

23°

22°

120°

123°

Ground shaking of the
Meishan Scenario

Can be regarded as an input
for risk assessment

Ground shaking from other
approaches can also be inputs of OQ



Considering Fatality rates as a function of
ground shaking from the 1999 Chi-Chi case

Fatality ratio (FR)
100%

Regression from the 1999 Chi-Chi case
80% — Wu et al. (2002)

60% -
loglo(FR):'12572+4282loglo(PGA)

40% -

20% -

0% - | | |
0.0 0.5 1.0 1.5 2.0 2.5
Peak ground acceleration (PGA) in g

Advantage: Can be rapidly implemented



Distribution of population

Active faults »

Meishan

Total population: 726 k

Spatial distribution of population in Chjayi in 2010
Low/ High

I [

Scenario case in respect of fatality



Case Il may attributes more fatality in a wider range than Case |
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Meishan
rupture

Distribution of fatality in the Meishan scenario case
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Rupture alignment in 1906,
Rupture alignment in 1906 blind fault, and
liquetaction region




