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Introductions
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What were the purposes of source-scaling models?
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v M, =?/3%logM, —10.7
(Hanks and Kanamori, 1979)

Source inversion

226°

County °

w218

T T r_{v T T g ?;
20136/02/06; / L
Memong, TAIWAN
earthquake g mzz vl
\‘; Taman

5 ‘ ’Y GCMT (281, 2424) s
&
N

a )

= @ )

232°

101.1 cmi/s || [

228°

s

/ urasian P <&
' M ba Kilometers
¥ L < = A 0, 5 10

Slip (cm)
Clty X o 20 40 60 80 100

o Velocity

E component

T3-208 (RTD, BATS)
T=3-10s (Patart)

Slip (cm)

53 0 20 40 60 8 100

(Lee et al., SRL, 2016) 2



Introductions

* What were the purposes of source-scaling mode
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Ground motion predictions
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Introductions

* What were the purposes of source-scaling models?

Probabilistic/ Deterministic
seismic/ fault-displacement hazards

(1) Identify seismic sources (2) Characterize earthquake frequency
and distance distributions
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In.'.r,oduc.l.ions ..................................

* Available information for determining the
dimensions of the fault rupture:
> Area of aftershocks
> Field observations of the surface rupture
» Finite-fault source inversions
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» Typical source scaling Laws (models)
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Average Slip (cm)
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Introductions

» Typical source scaling Laws (models)
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» Typical source scaling Laws (models)

(b)

Subsurface rupture length (km)

Introductions

> Regional differences

W vs E China, SS

T T T T
« Earthquake in western China
> Earthquake in eastern China -
= = log(RLD) = (-2.57 £ 0.12) + (0.62 + 0.02)My, (WC94) < /é'q
= = = log(RLD) = (-2.69 + 0.11) + (0.64 = 0.02)My, (Bls10) /.//
a
10%F
101 L
i\
a‘k‘
' d mmmmmm l0g(RLD) = (-0.61 £ 0.54) + (0.33 £ 0.07) My, (M, 26.7 in eastern China)
<] mm ¢ log(RLD) = (-2.94 + 0.69) + (0.68 + 0.09) My, (M, 6.7 in western China)
= 1 og(RLD) = (-2.26 £ 0.38) + (0.57 £ 0.06) My, (M, <6.7 in Mainland China)
100 1 ! ! L !
4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
My,

(Cheng et al., SRL, 2019)

log(Le) (km)

log(Wg) (km)

Taiwan vs Globol

1 1 1 L 1 L 1

A Dip-slip logL = (1/3)logM, - 4.84

4 Strike-slip \

\ ‘ M,y-L
logL,, = (1/2)iogM,, - 8

T 1 T T T T T

15 16 17 18 19 20 21 22 23
log(M;) (Nm)
I 1 ' 1 1 L 1
- W 10gW, = (1/3)logM, - 5.27 i
| N A/*ﬁ/ -
logWe, = (1/2)iogM,, - 8.08
1 ) L] ) 1 L) T
15 16 17 18 19 20 21 22 23

log(Mg) (Nm)

x

[ 3 58 &% i 7% P

AN NATIONAL INSTITUTES OF APPLIED RESEARCH

3 - llogo, =l(1f3)log;do-4.37l l & l l i
o, 2
27 ._._‘.,’.._:A ;
- ’) A I
A
logD, = 1.68 =
. My—D ||
1 T T T T T T T

log(M;) (Nm)

Subduction included

(Yen and Ma, BSSA, 2011)



W B X 5% A&t 55 P

NNNNNNNNNNNNNNNNNNNNNNNNNNNN

Introductions

» Typical source scaling Laws (models):
» Width-limit effect for crustal earthquakes
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(Hanks and Bakun, BSSA, 2002) (Shaw, BSSA, 2009)



Introductions

» Typical source scaling Laws (models):

> Width-limit effec’r for crustal earthquakes

- Dip-slip ruptures

Width (km)

7 Strike-slip ruptures
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Subduction included
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* Typical source scaling Laws (models):

W (xm)

7 75
Moment magnitude, M,,

» Fault-dip angle difference
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Introductions

» Typical source scaling Laws (models):

» Fault-dip angle difference

(a) (b)

(Shaw, BSSA, 2023)
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Introductions

» Tssues of applying typical models
= Challenges in establishing the SoF for future
earthquakes.
= Significant variance in rake angle boundaries.
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Introductions

» Tssues of applying typical models
v' Regional scaling -> Fault-based scaling

Length | Width | Asp SoF [Rake]
(km) (km)

2016 Meinong  6.52 SS [27]
2022 Guanshan 657 45 20 2.25 S5 [29]
2016 Feb. 6 Meinong, Mw: 6.52
o km W0 km 2022 Sep. 17 TTN (foreshock) CRF, Mw: 6.6
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10 :Is ° zt:reczlson 3om 35 40 45 LE: 45 km' WE: 20 km
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y
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slip (cm)
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Dip Direction (km)
Dip Direction (km)
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Concepts of Modeling the — NazavEszusas
Width-Limit Effect in the SSM

Fault Plane View

L1 L1 L,2
W, 1 w1 W\Z
Ground Surface ] ®vl<v2<v3’
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T o W,2<W,L
o 2>L,.1
wW.2 | Larger ; —
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j L.2/W,2>1(L1/W,1)
__ _ Boftomof

Seismogenic Zone

vt ( ve fij

We3 N W3 W3l | Smaller M |

15
___________________ Bottom of seismogenic Zone



Concepts of Modeling the — Nizvmzxumas
Width-Limit Effect in the SSM

Ground Surface

« A depth term NZ,,, is applied for a depth-

dependent feature. °



Concepts of Modeling the — NazavEszusas
Width-Limit Effect in the SSM
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Strength —»

linear strength
increase with
confining pressure
(and depth)

dominant brittle
fracturing

Brittle-ductile transitio
zone ~

dominant
ductile

flow
exponential strength

decrease with temperature
(and depth)

(Grigull, 2011)

Depth-Dependent feature

I ‘ Asp scaling:
Shallow > Deep

Free-Surface Effect

Asp scaling:
Buried > Surface

17
* consulted with Dr. Ruth Harris
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Database

» Crustal earthquakes: 96 » Trimming Process Applied

e CA:17: TW: 20: JP: 17: « Effective fault dimensions
. . rely on an Autocorrelation
100_023 Turk'ye' ‘ width function

(Mai and Beroza, 2000; Thingbaijam
and Mai, 2016; Yen and Ma, 2011)

. 1999CHICHI01CHIx, Mw: 7.68
2013ALASKAOTHAYE, Mw: 7.55 Strike: 5 Dip: 30 Rake: 61.5689

Strike: 335.78 Dip: 73.45 Rake: -178.0804 L,:98 km, W 35 km
Le: 90 km, We:24 Km

(3]
o
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Strike Direction (km)
a0 2] 80
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= g ) 2 = 51
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L £ 2 =

-50 £ s} - e I
2 8«
# SRCMOD - crustal (78) a

Others in Taiwan (16)
#* 2023 Turkiye (2)
-100 : :

20 150 100 -0 o s 100 1 200 » Fault parameters of multiple
Longitude (*) segments finite-fault models were

M combined using area as the
weighting scheme.

Earthquake Source Model Database

s SRCMOD, Mai and Thingbaijam (2014)

USGS (2023) Lee et al. (2013; 2014; 2015;

2016: 2019 2020: 2023); Yen and Ma (2011) e



Model Construction NEZHYRRRERER
(Regional scaling)

» Aspect ratio scaling relation
S1S2 s3

¢ togeoChspe) = SNzl

Width-limit effect: M, v, region
(RT(M) for large-M)
Depth-Dependent and
: NZbor

> Area scaling relation
g S1 S2 s3

v logio(4e) = S3A '

Width-limit effect: M, v
Depth-Dependent and
Free-surface effects: NZ,,,

19



Model Construction
(Regional scaling) > Width-limit effect in SI(M) model
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Model Construction NEZYERnTns
(Regional scaling) > width-imit effect in 52(M, v) model
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*Residual plots
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Model Construction
(Regional scaling)  residual = log(0bs)- log( Model)

> Depth-dependent feature in o [ Aspect ratio |

S3(NZ,,.) model 5, = N
g o obs

v A depth-dependent stress condition 3 oa]
restricts the downdip fault rupture because £ *J
the deeper structure has a higher brittle £ -
strength. 5 o) . g

- Higher confining pressure and stress 4| o uoram | obs ~

(brittle strength) in the deeper part. S0 02 odge 08T 2

- Negative slope in Asp and positive slope in A. 0 R
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Model Construction NEZ
(Regional SCGI ing) Residual = log;o(Obs)- log;o( Model )

0.8 s .59

. 07| =.| Aspect ratio |
> Free-surface effect in os! —= L
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v' Higher fracture energy was expended if
there was a surface rupture. (Difference
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Model Construction (Regional scaling)
> Width-limit effect in S4(RT(M)) model

Aspect ratio Area

0.6

0.5

0.4f

0.3F

0.2-

o1

S3,5p(M, v, NZ_ ) Residual (log,  unit)

1 1 |
o © ©
W N -1

-0.4 I
0 Smaller M Larger M

.
Residual plots e Rupture Velocity(f)

* Unclear physical basis for ="
smaller M.




Model Construction (Regional scaling)
» Style-of-faulting scaling in Final residual

Aspect ratio Area
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Model Comparisons
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Short Summary

® The finalized regional source scaling relations
for crustal earthquakes include the width-limit,
depth-dependent, and free-surface effects.

® The proposed new scaling relations explained
the previous finding that the style of faulting
dependence could be captured by considering
geometry-related parameters.
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Extension for Fault-Based Analysis

v log,o(Aspe) = S4asp(M, v, NZy,y, region)

o Width-limit effect: M, WiEgitarived My,
(RT(M) for large-M)
« Depth-Dependent and
Free-surface effects: NZ,,,

Regional scaling Fault-based scaling
102 : . .
Im-w| - « Translate Mgp(v) related to
= T ‘ fault-zone-specific W,
z s « Turn-off free-surface effect
2 10" “© [---L10(ss, cA) . i i
: T s Applied regional average
B e Qe P scaling for NZyor
- . . — Is Study s Ve y or: .
— This Study (TW, v: 30, Nz:m: 0.71) * TUI"H-Off RT(M)
= This Study (other, v: 600, NZbor: 0.57)
s 6 es 7 75 & o5
M
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Extension for Fault-Based Analysis

Ground Surface

-

141

RWR=0.44

0.64

- _ZBSZZ

Down-dip Rupture-Width Ratio,
RWR = WRup/WFIT
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Extension for Fault-Based Analysis

> Aspect ratio scaling law

v loglO (ASpe) — S4ASP (M' V, NZbOT' TegiAOn/)Tum off
» S4,p(M,v,NZp,,, region) = S3,5p(M,v,NZy,,) + RT(M) Use the regional
> S345p(M,v,NZyp) = S245p(M, V) + €4 + ¢csNZpor < mean NZo5

bor
Co, M < Mgp(v).

> SZasp(M,v) = {CO + (M —Mgp(v)), M > Mgp(v)' Mep(v) = cz + c3v

» Area scaling law , . T
Use before width-limit ~ Modified to include W[ZS

(b_WL)
4 logo (Ae) = 53,(M,v,NZp,,) Use the regional

> S3,(M,v,NZp,.) = S2,(M,v) + ds + d,NZp, <~ mean NZ}%> , w/o FS

r

> SZA(M, V) = S].A(M) + maX[dO(maX(M, MBP) — MBPL) + dlldl];
Mgp(v) = Mpp(v) + d; T

> S1,,(M)=M—4 Use before width-limit (b_WL) 31
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Extension for Fault-Based Niziezzaumzs
Anal Sis Use before width-limit (b_WL)
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_ Co M < Mpp(v).
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> SZA(M, V) = S].A(M) +£%maX(M, MBP) — MBPL) + dl' dl]’
Mpp,(v) = Mgp(v) + d; ) d, x (—dy) + dy
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Extension for Fault-Based Analysns

o MgyREl = MBP(WIfl%S) + Mpp(v)

ASpb‘WL — 10/\(6'0 + Cy + C5 X NZI%ST:)

APWL = 10" (M — 4 + (do X (—dy) +dy) +dy/°"*
+d2/OFS x NZMS

WR%S/L \/Ab WL/ASpb WL

(W22 = 10" ([M — 4 + (do X (—d,) +dy) +dy/°"*
+dOFS X NZMS ] — [co + ¢4 + 5 X NZMS))

solve M = MRWR 1

MRWR 1 _ 2 X lO,glO(WFI':i%S X 0. 9) ( W/O FS _ CS) X NZbOT'

W,
| CO Flt
CO N (OX( 2)| 1) 3 |C0|C4- 5

MBP(WFI?%S) = MEIKVRﬂ — Mpp (V) 33
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Extension for Fault-Based Analysis

: | TW Zgs; scaling |
dip=48 BSZ J
10r: : Z - - Hea24 (TW, w/o FS)
Mgp(v): Mg (WE): / oS Nz, =0.7138)
' 6.67, —0.26 or
s T Z_ __=22.3km; Hea24 (TW, w/o FS|

.6.67,0.00 ...;.. [ /. BS
/ T Z-"anr=°-7138)

16.67, 0.34
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Z-sznr=0.71 38)
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W
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Extension for Fault-Based Analysis

Probabilistic approach in application
v' Consider the aleatory variability (a,;) for
Wrup-
v Monte Carlo sampling for a,;
- Multivariate lognormal distribution
- 10k simulation samples for log-residuals
of both A and Asp (¢4 and £4°P)
v Saturated for Wy, sampling at Wi7> x 1.1
v' Calculate mean and aleatory variability
(2 times o,;) range of Wy,
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Extension for Fault-Based Analysis

Saturated -
Mw: 55, WFlt = 20km 0 u(saturated)
Mw: 5.5 WFZS: 20km O samples (saturated)
10° 10° 10° O u (unsaturated)
samples (unsaturated)
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Extension for Fault-Based Analysis

Saturated
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Saturated
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Extension for Fault-Based Analysis
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Extension for Fault-Based Analysns

Asp (Iog10 unit)
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Extension for Fault-Based Analysns

N
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Extension for Fault-Based Analysis

Acquire fault zone

geometry
Enough Set 90% tail of
= Use ZH to Zb relation FZS
Access fault-specific fault o (Eq. 11) for Zg, s of M6+
zone geometry (e.g., V, Zpsz) = 5to 10 M6+ earthquakes from nearby

earthquakes seismicity

g Other geological/ geophysical methods to acquire Zyg,

Acquire Wy, froma

source-scaling model > Calculate Wg,,,

1. Get regional NZ}!$ 5. Calculate A¥Z5 and Aspf?S

w/ fault geometry wioFs_ T rw/oFs (Eq. 5 and 10 in Hea24)

consideration 2. Use d, and d, to turn off L h A

- the free-surface term in Hea24 6. Propagate g} and g, into m
3. Replacing Mpp(v) with yggv = ar:R“”, consider O';YRHP ranges
e Eqs: o oh I CIIE 725, 7. Calculate Wy, from MCS of g R
4. Turn off the regional term Fzs s al
(set ¢6=0 in H6324) 8. WRu‘p saturated at WFlt x1.1

RLNEN  Other SSM
(e.g., L10; T17) Calculate M; SoF based Wg,,,

Apply the Beta-CDF-

| derived RWR-PSR
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Conclusions

® We shifted the source-scaling model, originally
based on the width-limit effect and relying on
regional scaling, o a fault-based, probabilistic
approach by replacing the dip-angle-dependent
MBP with one that uses fault-zone-specific
fault width.

® The proposed procedure, based on Monte Carlo
sampling, propagates the aleatory variability
and the saturated mean in the original Hea24
scaling for rupture width in applications and is
more suitable for fault-specific hazard
ClnC(IYSiS. 42
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Model Construction
(Regional scaling)

> Aspect ratio scaling law

v l0g10 (ASpe) — S4ASP (M, V, NZbOT" region)
> S4usp(M,v,NZyor, region) = S3,5p(M, v, NZpor) + RT (M)
» S345p(M,V,NZpoy) = S245p(M,v) + ¢4 + csNZpp,

Co» M < Mgp(v).

> S2,5p(M,v) = {Co +c (M — Mgp(v), M > Mgp(v)' Mpp(v) = ¢c; + c3v

> Area scaling law

v logio(4e) = S3,(M,v,NZp,,)

> S3A(MIV'NZbOT) =52A(M,V)+d3+d4NZbor
> SZA(M, V) = S].A(M) + maX[do(maX(M, MBP) - MBPL) + dl'dl];
Mpp(v) = Mpp(v) + d;

> S1,(M)=M—4 ot



Model Comparisons
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Introductions = TeeEeEeEERR

» Typical source scaling Laws (models)

» Fault area, length (surface-; subsurface-
rupture), width, asperity size, slip (average;
maximum),

M,, (M,)-dependent

Style of faulting-dependent

Regional difference

Width-limit effect for crustal earthquakes
Fault-dip angle difference

Il

v' Regional scaling -> Fault-based scaling

VVVYVY
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