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DEFINITIONS	

•  By fault roughness, I mean components of morphology best treated as 
random field 

•  Departures from planarity widely distributed in location and scale 
•  Sufficiently complex to merit (require) stochastic representation 

•  What I mean by rupture simulation 

•  Dynamic models, 2D or 3D, with slip- or rate-weakened friction 
•  Neglect geometrical nonlinearity (i.e., minimum roughness scale >> slip) 
•  Un-branched fault surfaces 
•  Power-law roughness 

Most examples (not quite all) have additional simplifications: 

Highly simplified initial stress state (stress tensor depth dependent only) 
Simple elastic or (pressure-dependent) elastoplastic continuum 
Self-similar roughness spectrum (Hurst exponent H=1) 



Spectral Model for Fault Geometry 
(Candela et al., 2013) 

•  Self-similar over ~10 orders of magnitude 
•  Modeled as random field, Hurst exponent ~1 
•  Max Frequency > 10 Hz  à  Min scale ~100 m 

H=1

Fault	surface	roughness	



4	

SUMMARY	

Roughness: 
 
•  Contributes to high-frequency GM (may be the principal source) 

•  Contributes to GM statistical variability 

•  Modifies kinematic parameter correlations 

•  Nucleates transient, buried supershear bursts 

•  Suppresses sustained, shallow SS events 

•  Creates frequency-dependent radiation patterns 

•  Produces power-law co-seismic surface slip fluctuations 

GM	=	“Ground	Mo1on”	
SS	=	“Supershear”	



(Dunham	et	al.,	2011)	

•  Fault	roughness	has	essen1al	role	in	HF	ground	mo1on	excita1on	

•  At	least	qualita1vely	consistent	with	observed	features	of	ruptures	
and	ground	accelera1on	

the station prevents quantification of the distance between
the fault and the station. We have rotated this record to the
average local strike of the fault system, 146° (Fukuyama
et al., 2003).

The comparison of our synthetic seismograms and the
strong motion records is only meant to be qualitative, given
the 2D nature of our simulations. However, the main features
are remarkably similar. Beginning with the hypocentral
P-wave arrival, the fault-normal component begins a gradual
decrease until the hypocentral S-wave arrives; this motion

comes from the near-field and intermediate-field P-wave
terms (Aki and Richards, 2002). This is seen in our syn-
thetics and the TTRH02 record but has the wrong sign in
the LUC record. This might be due to the significant change
in strike of the fault segments hosting the Landers rupture or
the instrumental correction that was applied to recover long-
period static offsets (Chen, 1995). Sustained strong shaking
with positive fault-normal velocity commences with the
hypocentral S-wave arrival and continues as shear waves
radiated ahead of the rupture arrive at the station. These
motions are seen between 7.5 and 10.5 s in the synthetics, 8.5
and 10 s in the LUC record, and 6.5 and 7.2 s in the TTRH02
record. Amplitudes are large due to forward directivity. The
high-frequency oscillations arise from short bursts of radia-
tion that occur when the rupture accelerates or decelerates, as
seen in Figure 8. Shaking subsides as the rupture passes,
which provides the negative fault-normal motion that com-
pletes the well-known two-sided velocity pulse.

Discussion

We have investigated the role of fault roughness in the
earthquake rupture process, using numerical simulations
that include both strongly rate-weakening fault friction
and off-fault plasticity. Accounting for inelastic deformation
near the fault is essential to prevent large-scale fault opening.
Roughness with amplitude-to-wavelength ratios between
10!3 and 10!2 leads to an irregular rupture process, even
if the initial stress field is spatially uniform. This irregularity
manifests itself in heterogeneous slip distributions and
fluctuations in rupture velocity; both contribute to high-
frequency ground motion.

As expected, production of high-frequency radiation
increases with increasing levels of roughness (specifically,
the amplitude-to-wavelength ratio α). In addition, high-
frequency waves are most efficiently generated when the
background stress is just barely larger than the critical level

(b)(a) Lucerne Valley
1992 Landers earthquake
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Figure 7. (a) Fourier amplitude spectra (FAS) of fault-normal acceleration corresponding to seismograms in Figure 6a windowed between
8 and 20 s to avoid the overly sharp hypocentral S-wave arrival due to the artificial nucleation. The absence of roughness wavelengths below
λmin prevents the excitation of waves at frequencies greater than ∼cs=λmin. (b) FAS of Lucerne Valley record (fault-normal component) shown
in Figure 6b. The color version of this figure is available only in the electronic edition.

Figure 8. Snapshots (at time t " 120R0=cs " 10:3926 s) of
the velocity field for α " 10!2 as the rupture passes the station
(triangle) at which seismograms in Figure 6 are calculated:
(a) fault-parallel (vx); (b) fault-normal (vy). The hypocentral shear
wave is marked “hypo S.” Note that 1 m=s " 1:295csΔτ=G. The
color version of this figure is available only in the electronic edition.
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High-Frequency	GM:	2D	Models	



Lithostatic stress 

High-Frequency	GM:	3D	Models	

•  Shear/normal stress ratio is 
minimum permitting system-
wide rupture 

•  Resulting rupture is M 7.25 

•  Fits empirical magnitude-
area relationship 

viable displacement model for all earthquake types. Forβ  
2=3 the displacement model is D  C2

  
A

p
 C2

  
C1L 5=6

p
.

Substituting these relations into the definition of moment
allows a series of M 0,  D, W, L , and A relations (equations7–
13) to be derived.
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Figure 5. The M 0 versus length data for dip-slip earthquakes
The gray dashed line is the CLS, fixed to a slope of 2=5, best
fit to the data and gray dotted lines are σ. The color version
of this figure is available only in the electronic edition.
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Figure 6. The M 0 versus area data for strike-slip interplate
earthquakes. The gray dashed line is the CLS best-fit to the data
for areas between20 km2 and 800 km2. Above 800 km2 the slope
is assumed to be2=3 for a

  
A

p
displacement model. The color ver-

sion of this figure is available only in the electronic edition.
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Figure 7. The M 0 versus length data for strike-slip earthquakes.
Between 3.4 and 45 km, the gray dashed line is the CLS, fixed to a
slope of 2=5, best fit to the data. Above 45 km the slope is assumed
to be 1=1:5 (see discussion of strike-slip earthquakes in text) and
below 3.4 km it is 1=3. Above 45 km the dashed lines follows the
clusterRomanowicz and Ruff (2002) identified as A class, with the
cluster at higher moments being their B class earthquakes. The color
version of this figure is available only in the electronic edition.
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Figure 4. The M 0 versus area data for dip-slip earthquakes The
gray dashed line is the constrained least squares (CLS), with a fixed
slope of 2=3, best fit to the data and the gray dotted lines are 1σ
uncertainties. The color version of this figure is available only in the
electronic edition.

1978 M. Leonard

Area vs Moment 
Interplate strike-slip case 

(Leonard 2010) 

•  Self-similar (80 m to 80 km scale range) 
•  RMS-offset ÷ scale-length = 0.005 
•  Rate-state with dynamic weakening 
•  Top 1 km velocity strengthening 

•  Computational cell 20 m 

Setup	of	Ini1al	State	

Shi	and	Day,	2013	



High-Frequency	Ground	Mo1on:	GMPE	Comparison)	

CY: Choi and Young (2008) 
AS: Abrahamson and Silva (2008) 

BA: Boore and Atkinson (2008) 
CB: Campbell and Bozorgnia (2008) 

Site-Corrected GMRotD50 Response Spectra Compared to the Next Generation 
Attenuation (NGA) Curves
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Site Amplification: SH plane-wave response of the generic rock structure representative of western North America  
                             rock sites [Boore and Joyner, 1997]  
 

  Site Attenuation:              with site anelastic loss exponent (defined by Anderson and Hough [1984])  k = 0.04 sec 

Mw = 7.23 



•  Roughness is strong source of GM variability (sigma) 
•  Random-field heterogeneities moderate sigma 

Without	Random	ScaVerers	 With	Random	ScaVerers	

Ground	Mo1on	Variability:	Within-EQ	Sigma	

Withers	et	al.	(2015)	
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Increased	roughness	
àincreased	spread	of	RV	
distribu1on	(reduced	
rupture	coherence,	
diminished	direc1vity)	
	

Kinema1c	Parameter	Correla1ons:	Rupture	Velocity	Example	

Increased	roughness	
àRise	1me	decorrelates	
with	rupture	velocity	

Yao,	2017	(SDSU	PhD	Thesis)	
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No Free Surface With Free SurfaceRoughness!
Ratio

0.001

0.003

0.005

0.007

0.009

Supershear	Rupture	
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3D	(Yao,	2017):	
	

Roughness	favors	buried	SS	
transients	
	
Smoothness	favors	shallow,	
sustained	SS	ruptures	

	
	

Yao,	2017	(SDSU	PhD	Thesis)	

2D	simula1ons	(Bruhat	et	al.,	
2016):	
	

Overall	roughness	favors	
nucleaBon	of	SS	transients	
	
Local	smoothness	favors	
sustained	SS	rupture	



flat_b Locked	
boundary	and	
sharp	stopping	
phase	exists

rough
2

α=10-2.5

flat_s Spontaneous	
stopping	no	
sharp	stopping	
phase

rough
3

α=10-2.3

rough
1

Based	on	
flat_s,		
α=10-3.0

rough
4

α=10-2.0

Cho	and	Dunham,	2010	(AGU	
annual	meeBng)		

Wang,	Day	and	Shearer,	2014	
(AGU	annual	meeBng)		

2D	

3D	

Radia1on	PaVern	



Radia1on	PaVern:	Effect	on	Strong	Mo1on	

GP2010
GP14.3
GP15.4, α = 0.0
GP15.4, α = 0.005
GP15.4, α = 0.01
GP15.4, α = 0.01, vpertb
GP15.4, α = 0.01, vpertb, w/damage
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Fault	normal/parallel	GM	ra1os	vs	frequency	in	
kinema1c	simula1ons	of	Graves	and	Pitarka	(2016)	

Graves/Pitarka	model	reproduces	
Imperial	Valley	(1979)	FN/FP	ra1os	

RotD100/RotD50	Ra1os	vs	Period	
(Withers	et	al.,	2018)	

Empirical	
(Shahi	&	Baker)	

		

Rough	fault	+	CVM	 Rough	fault	+	CVM	+	scaVering	



Co-seismic	Surface	Slip	
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1992	Landers	Rupture	
(Milliner	et	al.	2015)	

H		~0.44	

Surface-rupturing	Rough-fault	
simula1ons	
(Yao,	2017)	

H		~0.6		(ensemble	range	0.5-0.8)	



Effect	of	Undrained	Gouge	Deforma1on		

Distance (m)

Correlation coefficient = 0.2614
Vrup standard deviation = 0.1333
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MC case (dry)

End-cap case (undrained)

Correlation coefficient = –0.5850
Vrup standard deviation = 0.1326

Hirakawa	&	Ma	(2018)	

•  Moderates	rupture	complexity	
•  Roles	of	“releasing”	and	“restraining”	

orienta1ons	are	reversed	(as	in	Harris	&	Day,	
1993)	

•  Rupture	velocity	fluctua1ons	very	similar	to	
constant-	pore-pressure	case	
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SUMMARY	
•  Contributes to high-frequency GM (may be the principal source) 

~10 Hz @ ~100 km is now calculable 
 

•  Contributes to GM statistical variability 
But random heterogeneities are at least equally important 
 

•  Modifies kinematic parameter correlations 
Reduces rupture coherence 
 

•  Promotes transient, buried supershear bursts 
Most are small and and probably undetectable 
 

•  Suppresses sustained, shallow SS events 
Consistent with observed association of SS with smooth fault segments 
 

•  Creates frequency-dependent radiation patterns 
Fills nodes at frequencies > ~3 Hz and improves FN/FP ratio predictions 
 

•  Produces power-law co-seismic surface-slip fluctuations 
May be partial (but incomplete) explanation of coseismic slip maps 
 

•  Model with undrained gouge compaction has mostly similar GM implications 
Roles of restraining and releasing features are reversed. 
Would have big effect on prediction of, e.g., rupture termination points. 


