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✓ 𝑀0 = 𝜇 ∙ 𝐴 ∙ ഥ𝐷
✓ 𝑀𝑤 = Τ2

3 ∗ 𝑙𝑜𝑔𝑀0 − 10.7
     (Hanks and Kanamori, 1979)

Introductions

• What were the purposes of source-scaling models?

(Lee et al., SRL, 2016)

Source inversion
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Introductions

• What were the purposes of source-scaling models?

(Huang et al., EESD, 2024)

Ground motion simulation Ground motion predictions

(Kaklamanos et al., 
EQS, 2011)

(Abrahamson et al., EQS, 2014)
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Introductions

• What were the purposes of source-scaling models?

Probabilistic/ Deterministic 
seismic/ fault-displacement hazards

(Youngs et al., EQS, 2003)

(Cornell, BSSA, 1968)
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Introductions

• Available information for determining the 
dimensions of the fault rupture:
➢ Area of aftershocks
➢ Field observations of the surface rupture
➢ Finite-fault source inversions  

(Wells and Coppersmith, BSSA, 1994)

M-A
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Introductions

• Typical source scaling Laws (models)
➢ Style of faulting (SoF)-dependent

(Wells and Coppersmith, BSSA, 1994)

M-A

M-L

M-W

M-ഥ𝐷
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Introductions

• Typical source scaling Laws (models)

(Somerville et al., SRL, 1999)

𝑀0-A

𝑀0 − ഥ𝐷

𝑀0 − 𝐴𝐴𝑠𝑝𝑒𝑟𝑖𝑡𝑦



8

Introductions

• Typical source scaling Laws (models)
➢ Regional differences

(Cheng et al., SRL, 2019)

M-L

W vs E China, SS

(Yen and Ma, BSSA, 2011)

Taiwan vs Globol

𝑀0-L

𝑀0-W

𝑀0 − ഥ𝐷

* Subduction included



9

Introductions

(Shaw, BSSA, 2009)

➢ H: siesmogenic thickness

• Typical source scaling Laws (models): 
➢ Width-limit effect for crustal earthquakes

M-A

(Hanks and Bakun, BSSA, 2002)

M-A
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Introductions

• Typical source scaling Laws (models): 
➢ Width-limit effect for crustal earthquakes

(Leonard, BSSA, 2010)

L-W

𝑀0-L

Dip-slip ruptures Strike-slip ruptures

* Subduction included
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Introductions

• Typical source scaling Laws (models): 
➢ Fault-dip angle difference

(Thingbaijam et al., BSSA, 2017)

M-A

M-L

M-W

Asp(L/W)-dip

* Subduction included
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Introductions

• Typical source scaling Laws (models): 
➢ Fault-dip angle difference

(Shaw, BSSA, 2023)

M-A
𝛿𝑀-M
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Introductions

• Issues of applying typical models
▪ Challenges in establishing the SoF for future 

earthquakes.
▪ Significant variance in rake angle boundaries. 

M-W
SS NML

SS
SS

RV
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Introductions

• Issues of applying typical models

✓ Regional scaling -> Fault-based scaling

Mw Length 
(km)

Width 
(km)

Asp SoF [Rake]

2016 Meinong 6.52 33 30 1.1 SS [27]

2022 Guanshan 6.57 45 20 2.25 SS [29]
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Aspect ratio (Asp) scaling: 
Le2/We2 >> 1 (Le1/We1)

Bottom of seismogenic Zone

Ground Surface

𝜈1 𝜈2 𝜈3

We3 We3 We3

Larger M

Smaller M

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

• A depth term 𝑁𝑍𝑏𝑜𝑟 is applied for a depth-
dependent feature.
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* consulted with Dr. Ruth Harris

Depth-Dependent feature

Free-Surface Effect

Asp scaling: 
Shallow > Deep

Asp scaling: 
Buried > Surface 

(Grigull, 2011)

Concepts of Modeling the 
Width-Limit Effect in the SSM
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Database

USGS (2023) Lee et al. (2013; 2014; 2015; 
2016; 2019; 2020; 2023); Yen and Ma (2011)

➢ Trimming Process Applied
• Effective fault dimensions 

rely on an Autocorrelation 
width function

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

➢ Crustal earthquakes: 96
• CA: 17; TW: 20; JP: 17; 
• 2023 Turkiye: 2

SRCMOD, Mai and Thingbaijam (2014)

➢ Fault parameters of multiple 
segments finite-fault models were 
combined using area as the 
weighting scheme. 
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Model Construction 
(Regional scaling)

✓ 𝑙𝑜𝑔10 𝐴𝑠𝑝𝑒 = 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 , 𝑟𝑒𝑔𝑖𝑜𝑛

➢Aspect ratio scaling relation

➢Area scaling relation

• Width-limit effect:      M, 𝜈, region  
                                                 (RT(M) for large-M) 
• Depth-Dependent and                           
     Free-surface effects:  𝑁𝑍𝑏𝑜𝑟

✓ 𝑙𝑜𝑔10 𝐴𝑒 = 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟

• Width-limit effect:      M, 𝜈
• Depth-Dependent and                           
     Free-surface effects:  𝑁𝑍𝑏𝑜𝑟

S1S2 S3 S4

S2 S3S1
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Model Construction 
(Regional scaling)

Aspect ratio Area

• Bilinear form: 
   -constant (smaller M)
   -M dependent (large M)

• Trilinear form: 
   -M dependent (intermediate M)
   -constant (small and large M)

Residual plot

➢ Width-limit effect in S1(M) model

Break Magnitude (𝑀𝐵𝑃)

𝑀𝐵𝑃
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Model Construction 
(Regional scaling)

• 𝜈-dependent break M 
(𝑀𝐵𝑃(𝜈))

• Trilinear form with two 𝜈-
dependent break M

Aspect ratio Area

(Shaw, 2023)

➢ Width-limit effect in S2(M, 𝜈) model

𝑀𝐵𝑃(𝜈)
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Model Construction 
(Regional scaling) Residual = log10(Obs)- log10( Model )

✓ A depth-dependent stress condition 
restricts the downdip fault rupture because 
the deeper structure has a higher brittle 
strength. 

  - Higher confining pressure and stress 
    (brittle strength) in the deeper part.
  - Negative slope in Asp and positive slope in A.

Aspect ratio

Area

obs -

obs +

obs -

obs +

*Residual plots

➢ Depth-dependent feature in 
S3(NZbor) model
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Model Construction 
(Regional scaling) Residual = log10(Obs)- log10( Model )

✓ Higher fracture energy was expended if 
there was a surface rupture. (Difference 
between surface and buried fault)

➢ Free-surface effect in 
S3(NZbor) model

Aspect ratio

Area

obs -

obs +

obs -

obs +

*Residual plots
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Model Construction (Regional scaling)

obs -

obs +

obs -

obs +

➢    ∆𝜎 =
7

16
(

𝑓𝑐

𝑘𝛽
)3𝑀0

(Brune, 1970)

➢ 𝑀0 = 𝜇 ∙ 𝐴 ∙ 𝐷

Source Time 
function

Rupture Velocity(𝛽)

• Unclear physical basis for 
smaller M.

Aspect ratio Area

➢ Width-limit effect in S4(RT(M)) model

*Residual plots
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Model Construction (Regional scaling)

Aspect ratio Area

✓ 𝑙𝑜𝑔10 𝐴𝑠𝑝𝑒 = 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 , 𝑟𝑒𝑔𝑖𝑜𝑛

S1S2 S3 S4

✓ 𝑙𝑜𝑔10 𝐴𝑒 = 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟

S2 S3S1

SS NML
SS

SS
RV SS NML

SS
SSRV

➢ Style-of-faulting scaling in Final residual

*Residual plots
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Model Comparisons

M-L M-W
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Model Comparisons

M-W
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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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• Width-limit effect:      M, 𝜈, region  
                                                 (RT(M) for large-M) 
• Depth-Dependent and                           
     Free-surface effects:  𝑁𝑍𝑏𝑜𝑟

• Width-limit effect:      M, 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆 derived 𝑀𝐵𝑃 

 
• Depth-Dependent and                           
     Free-surface effects:  𝑁𝑍𝑏𝑜𝑟

Extension for Fault-Based Analysis

M-W

Regional scaling

✓ 𝑙𝑜𝑔10 𝐴𝑠𝑝𝑒 = 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 , 𝑟𝑒𝑔𝑖𝑜𝑛

Fault-based scaling

• Translate 𝑀𝐵𝑃 𝜈  related to 
fault-zone-specific 𝑊𝐹𝑙𝑡

• Turn-off free-surface effect
• Applied regional average 

scaling for 𝑁𝑍𝑏𝑜𝑟

• Turn-off RT(M)
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Extension for Fault-Based Analysis
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Extension for Fault-Based Analysis

✓ 𝑙𝑜𝑔10 𝐴𝑠𝑝𝑒 = 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 , 𝑟𝑒𝑔𝑖𝑜𝑛

➢ Aspect ratio scaling law

➢ Area scaling law

➢ 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟, 𝑟𝑒𝑔𝑖𝑜𝑛 = 𝑆3𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 + 𝑅𝑇(𝑀)

➢ 𝑆3𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 = 𝑆2𝐴𝑆𝑃 𝑀, 𝜈 + 𝑐4 + 𝑐5𝑁𝑍𝑏𝑜𝑟

➢ 𝑆2𝐴𝑆𝑃 𝑀, 𝜈 = ቊ
𝑐0, 𝑀 ≤ 𝑀𝐵𝑃(𝜈)

𝑐0 + 𝑐1(𝑀 − 𝑀𝐵𝑃 𝜈 ), 𝑀 > 𝑀𝐵𝑃(𝜈)
;        𝑀𝐵𝑃 𝜈 = 𝑐2 + 𝑐3𝜈

✓ 𝑙𝑜𝑔10 𝐴𝑒 = 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟

➢ 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 = 𝑆2𝐴 𝑀, 𝜈 + 𝑑3 + 𝑑4𝑁𝑍𝑏𝑜𝑟

➢ 𝑆2𝐴 𝑀, 𝜈 = 𝑆1𝐴 𝑀 + max 𝑑0 max 𝑀, 𝑀𝐵𝑃 − 𝑀𝐵𝑃𝐿 + 𝑑1, 𝑑1 ;
      𝑀𝐵𝑃𝐿 𝜈 = 𝑀𝐵𝑃 𝜈 + 𝑑2

➢ 𝑆1𝐴 𝑀 = 𝑀 − 4

Use the regional 
mean 𝑁𝑍𝑏𝑜𝑟

𝑀𝑆

Use the regional 
mean 𝑁𝑍𝑏𝑜𝑟

𝑀𝑆 , w/o FS

Use before width-limit 
(b_WL)

Use before width-limit (b_WL)

Modified to include 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆

Turn off
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Extension for Fault-Based 
Analysis

➢ 𝑆2𝐴𝑆𝑃 𝑀, 𝜈 = ቊ
𝑐0, 𝑀 ≤ 𝑀𝐵𝑃(𝜈)

𝑐0 + 𝑐1(𝑀 − 𝑀𝐵𝑃 𝜈 ), 𝑀 > 𝑀𝐵𝑃(𝜈)
;        𝑀𝐵𝑃 𝜈 = 𝑐2 + 𝑐3𝜈

Use before width-limit (b_WL)

➢ 𝑆2𝐴 𝑀, 𝜈 = 𝑆1𝐴 𝑀 + max 𝑑0 max 𝑀, 𝑀𝐵𝑃 − 𝑀𝐵𝑃𝐿 + 𝑑1, 𝑑1 ;
      𝑀𝐵𝑃𝐿 𝜈 = 𝑀𝐵𝑃 𝜈 + 𝑑2

Use before width-limit (b_WL)

𝑑0 × −𝑑2 + 𝑑1



33

Extension for Fault-Based Analysis
• 𝑀𝐵𝑃

𝑅𝑊𝑅=1 = 𝑀𝐵𝑃 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆 + 𝑀𝐵𝑃(𝜈)

• 𝐴𝑠𝑝𝑏_𝑊𝐿 = 10^ 𝑐0 + 𝑐4 + 𝑐5 × 𝑁𝑍𝑏𝑜𝑟
𝑀𝑆

• 𝐴𝑏_𝑊𝐿 = 10^(M − 4 + 𝑑0 × −𝑑2 + 𝑑1 + 𝑑3
Τ𝑤 𝑜 𝐹𝑆

                    +𝑑4
Τ𝑤 𝑜 𝐹𝑆

× 𝑁𝑍𝑏𝑜𝑟
𝑀𝑆 )

• 𝑊𝑅𝑢𝑝
𝑏_𝑊𝐿 = 𝐴𝑏_𝑊𝐿/𝐴𝑠𝑝𝑏_𝑊𝐿

• (𝑊𝑅𝑢𝑝
𝑏_𝑊𝐿)2 = 10^([M − 4 + 𝑑0 × −𝑑2 + 𝑑1 + 𝑑3

Τ𝑤 𝑜 𝐹𝑆

 + 𝑑4
Τ𝑤 𝑜 𝐹𝑆

× 𝑁𝑍𝑏𝑜𝑟
𝑀𝑆 ] − [𝑐0 + 𝑐4 + 𝑐5 × 𝑁𝑍𝑏𝑜𝑟

𝑀𝑆 ])

    solve 𝑀 = 𝑀𝐵𝑃
𝑅𝑊𝑅=1

• 𝑀𝐵𝑃
𝑅𝑊𝑅=1 = 2 × 𝑙𝑜𝑔10 𝑊𝐹𝑙𝑡

𝐹𝑍𝑆 × 0.9 − 𝑑4
Τ𝑤 𝑜 𝐹𝑆 − 𝑐5 × 𝑁𝑍𝑏𝑜𝑟

𝑀𝑆

                         +𝑐0

𝑊𝐹𝑙𝑡
𝐹𝑍𝑆

• 𝑐0

𝑊𝐹𝑙𝑡
𝐹𝑍𝑆

= 4 − 𝑑0 × −𝑑2 + 𝑑1 − 𝑑3
Τ𝑤 𝑜 𝐹𝑆 + 𝑐0 + 𝑐4 = 4.2566

• 𝑀𝐵𝑃 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆 = 𝑀𝐵𝑃

𝑅𝑊𝑅=1 − 𝑀𝐵𝑃(𝜈)
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Extension for Fault-Based Analysis
TW ZBSZ scaling
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Extension for Fault-Based Analysis

• Probabilistic approach in application
✓ Consider the aleatory variability (𝜎𝑎𝑙) for 

𝑊𝑅𝑢𝑝.
✓ Monte Carlo sampling for 𝜎𝑎𝑙

  - Multivariate lognormal distribution
  - 10k simulation samples for log-residuals

        of both A and Asp (𝜀𝐴 and 𝜀𝐴𝑠𝑝)
✓ Saturated for 𝑊𝑅𝑢𝑝 sampling at 𝑊𝐹𝑙𝑡

𝐹𝑍𝑆 × 1.1

✓ Calculate mean and aleatory variability 
        (2 times 𝜎𝑎𝑙) range of 𝑊𝑅𝑢𝑝
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Extension for Fault-Based Analysis
Saturated

𝑀𝑤: 5.5, 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆 = 20𝑘𝑚
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Extension for Fault-Based Analysis

𝑀𝑤: 7.7, 𝑊𝐹𝑙𝑡
𝐹𝑍𝑆 = 20𝑘𝑚

Saturated
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Extension for Fault-Based Analysis
𝑊𝐹𝑙𝑡

𝐹𝑍𝑆 = 20𝑘𝑚Saturated
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Extension for Fault-Based Analysis
TW ZBSZ scaling
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Extension for Fault-Based Analysis
CA ZBSZ scaling
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Extension for Fault-Based Analysis
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Conclusions

⚫We shifted the source-scaling model, originally 
based on the width-limit effect and relying on 
regional scaling, to 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 
analysis.
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Model Construction 
(Regional scaling)

✓ 𝑙𝑜𝑔10 𝐴𝑠𝑝𝑒 = 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 , 𝑟𝑒𝑔𝑖𝑜𝑛

➢ Aspect ratio scaling law

➢ Area scaling law

➢ 𝑆4𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟, 𝑟𝑒𝑔𝑖𝑜𝑛 = 𝑆3𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 + 𝑅𝑇(𝑀)

➢ 𝑆3𝐴𝑆𝑃 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 = 𝑆2𝐴𝑆𝑃 𝑀, 𝜈 + 𝑐4 + 𝑐5𝑁𝑍𝑏𝑜𝑟

➢ 𝑆2𝐴𝑆𝑃 𝑀, 𝜈 = ቊ
𝑐0, 𝑀 ≤ 𝑀𝐵𝑃(𝜈)

𝑐0 + 𝑐1(𝑀 − 𝑀𝐵𝑃 𝜈 , 𝑀 > 𝑀𝐵𝑃(𝜈)
;        𝑀𝐵𝑃 𝜈 = 𝑐2 + 𝑐3𝜈

✓ 𝑙𝑜𝑔10 𝐴𝑒 = 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟

➢ 𝑆3𝐴 𝑀, 𝜈, 𝑁𝑍𝑏𝑜𝑟 = 𝑆2𝐴 𝑀, 𝜈 + 𝑑3 + 𝑑4𝑁𝑍𝑏𝑜𝑟

➢ 𝑆2𝐴 𝑀, 𝜈 = 𝑆1𝐴 𝑀 + max 𝑑0 max 𝑀, 𝑀𝐵𝑃 − 𝑀𝐵𝑃𝐿 + 𝑑1, 𝑑1 ;
      𝑀𝐵𝑃𝐿 𝜈 = 𝑀𝐵𝑃 𝜈 + 𝑑2

➢ 𝑆1𝐴 𝑀 = 𝑀 − 4
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Model Comparisons

Area
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Introductions

• Typical source scaling Laws (models)
➢ Fault area, length (surface-; subsurface-

rupture), width, asperity size, slip (average; 
maximum), 

➢ 𝑀𝑤 (𝑀0)-dependent
➢ Style of faulting-dependent
➢ Regional difference
➢ Width-limit effect for crustal earthquakes
➢ Fault-dip angle difference

✓ Regional scaling -> Fault-based scaling
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