
GMP$Research$Goals$for$SCEC$5$$

How$can$the$hazard$from$simulated$
earthquakes$effec7vely$reduce$risk$in$the$real$
world?$$$$$
$
4.$Ground$Mo7on$Simula7ons$@$Olsen/Graves$$$$$
5.$Infrastructure$System$Risk$@$Baker$



Reduce$uncertainty$in$PSHA$

•  This$can,$in$part,$be$done$by$turning$aleatory$
uncertainty$into$epistemic$uncertainty$via$

improvements$in$our$physical$understanding$

and$knowledge$base$

•  Improve$physicsEbased$modeling$techniques,$

and$use$techniques$to$get$beGer$constraints$

on$and$understanding$of$parameters$$



Shakeout-D (1 Hz) with Plasticity
Viscoelastic Cohesion Model 1

Roten$et$al.$(2014)$

Nonlinear/PlasQc$Effects$in$GMP$



Comparison to GMPEs

g3d7 (rock sites, vs0 ≥ 1500 m·s-1)

Roten$et$al.$(2014)$

Nonlinear/PlasQc$Effects$in$GMP$



Nonlinear/PlasQc$Effects$in$GMP$

•  Map$and$validate$nonlinear/plasQc$effects$for$

both$longEperiod$and$shortEperiod$ground$

moQons,$realisQc$(dynamic)$rupture$

condiQons,$magnitude,$depth$of$burial,$

damage$zones,$and$distance$from$fault$

•  Develop/consolidate$community$models$for$

nonlinear$rock/dynamic$soil/stress$properQes.$

Use$mulQEcycle$simulaQons$to$obtain$realisQc$

iniQal$condiQons$



Ground$MoQon$Effects$of$Complex$

Fault$Rupture$Figure'2.''

Figure'2.'Map'of'the'northern'San'Jacinto'Fault'zone,'shown'in'red,'from'Cajon'Pass'(NW'corner'of'
this'map)'to'Anza'(SE'corner'of'this'map).'This'fault'geometry'is'based'on'the'USGS'Quaternary'
Faults'Database'(USGS,'2010).'Other'Quaternary'faults'are'shown'in'orange.'Cities'are'indicated'
with'blue'dots,'and'freeways'are'marked'with'gray'lines'and'numbered'shields.'The'primary'focus'
of'the'present'study,'the'stepover'between'the'Claremont'and'Casa'Loma'strands'of'the'SJF,'is'
circled'in'green.'!

Lozos$et$al.,$2014$



Ground$MoQon$Effects$of$Complex$

Fault$Rupture$

Figure'3.'

Figure'3.'Mesh'of'the'San'Jacinto'Fault,'generated'with'FaultMod'(Barall,'2009),'as'used'in'our'
dynamic'models.'The'parts'of'the'faults'that'are'able'to'rupture'are'marked'in'white.'The'Claremont'
strand'is'to'the'upper'left'in'this'Wigure,'the'Casa'Loma'to'the'lower'right,'and'the'Farm'Road'is'
between'them.'The'grid'size'is'100'm'in'the'near'Wield,'and'400'm'in'the'far'Wield.'!!

• $$Unstructured$Meshes$

• $$Small$dx$near$fault,$surface,$larger$further$away$

• $$Accurate$longErange$wave$propagaQon$
• $$Efficient$

Lozos$et$al.,$2014$



Stepovers$

!
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Figure'2.''

Figure'2.'Map'of'the'northern'San'Jacinto'Fault'zone,'shown'in'red,'from'Cajon'Pass'(NW'corner'of'
this'map)'to'Anza'(SE'corner'of'this'map).'This'fault'geometry'is'based'on'the'USGS'Quaternary'
Faults'Database'(USGS,'2010).'Other'Quaternary'faults'are'shown'in'orange.'Cities'are'indicated'
with'blue'dots,'and'freeways'are'marked'with'gray'lines'and'numbered'shields.'The'primary'focus'
of'the'present'study,'the'stepover'between'the'Claremont'and'Casa'Loma'strands'of'the'SJF,'is'
circled'in'green.'!

Figure'3.'

Figure'3.'Mesh'of'the'San'Jacinto'Fault,'generated'with'FaultMod'(Barall,'2009),'as'used'in'our'
dynamic'models.'The'parts'of'the'faults'that'are'able'to'rupture'are'marked'in'white.'The'Claremont'
strand'is'to'the'upper'left'in'this'Wigure,'the'Casa'Loma'to'the'lower'right,'and'the'Farm'Road'is'
between'them.'The'grid'size'is'100'm'in'the'near'Wield,'and'400'm'in'the'far'Wield.'!!



Efficient$GM$Modeling$of$Complex$

Fault$Rupture$and$Wave$PropagaQon$

•  Dynamic$simulaQons$of$geometrically$complex$rough$fault$

rupture$propagaQon$show$promise$for$realisQc$modeling$of$

acceleraQon$spectra$to$higher$frequencies$(10Hz+)$

•  Mapping$the$ground$moQon$effects$of$fault$stepovers,$

rupture$jumps,$rupture$from$a$main$rupture$plane$to$

secondary$(splay)$faults$in$3D.$How$much$moment$goes$

with$each$segment,$Qme$delay$at$segment$interfaces,$etc$

•  Develop$efficient$numerical$method(s)$that$propagate$

waves$to$long$distances$with$minimal$dispersion$errors$and$

meshing$techniques$handling$complex$geometries$

•  Use$mulQEcycle$simulaQons$to$obtain$realisQc$iniQal$

condiQons$



Trugman$and$Dunham$(2014)$

dynamic model and 0:83! 0:033 cs for the pseudodynamic
model. The dynamic model, however, is distinctly non-Gaus-
sian. It is strongly skewed toward lower-rupture velocities,
with a sharper peak at the mode of the distribution. The more
pronounced mode in the dynamic simulations’ marginal dis-
tribution demonstrates the tendency for dynamic ruptures to
propagate at near-constant velocity for much of their dura-
tion. Meanwhile, the large accelerations associated with the
transition from velocities in the modal and tail parts of the
dynamic distribution generate extra high-frequency radiation
(Madariaga, 1977), which is not observed in the pseudody-
namic model. Although rupture velocity is strongly anticor-
related with fault slope in both models, the dynamic rupture
reacts in a nonlinear way to such geometrical perturbations,
an effect not captured by a simple correlation coefficient.

Vpeak"x# also deviates from a Gaussian distribution for
the dynamic model, though not as severely as does vrup"x#.
Once again, the mean and standard deviations of the dynamic
and pseudodynamic distributions are comparable, with
values of 13:7! 0:9 and 13:6! 0:9 m=s, respectively. The
marginal distribution for the dynamic model is slightly
skewed toward lower-peak slip velocities (Fig. 10c). This re-
sult is somewhat surprising, given the symmetry of theΔu"x#
distribution, but can be explained in terms of the marginal
distribution of rise time. In our dynamic rupture simulations,
the rise time distribution is not quite Gaussian, but is instead
slightly skewed toward longer rise times. In contrast, the rise time
marginal distribution for our pseudodynamic model is Gaussian,
given the assumed source–time function (equation 15).

Ensemble averages of the PGVgm and PGAgm are consis-
tent with the trends observed in the direct comparisons for
the single fault profile. PGVgm values are similar in magni-
tude for both models, though slightly higher for the pseudo-
dynamic model for stations near the fault profile (Fig. 11a).
This is to be expected, as its velocity field is more coherent
near the rupture front (Fig. 7b). PGAgm values near the fault
are almost identical for both models, though are slightly
reduced in the pseudodynamic model further from the fault
(Fig. 11b). As can be determined from the wavefields for the
dynamic simulations (e.g., Fig. 7a), artificial rupture nucle-
ation creates more intense hypocentral waves than are
present in the pseudodynamic simulations (e.g., Fig. 7b). At
stations well away from the profile (and hence from the rup-
ture front), the hypocentral shear wavefront is the dominant
contribution to ground-motion acceleration, creating larger
PGAgm values in the dynamic simulations.

To compare the frequency content of the seismic wave-
field for the two ensembles, we again compute the Fourier
amplitude spectrum of the fault-normal acceleration (Fig. 12).
As in the previous subsection, Comparison of Pseudody-
namic and Dynamic Models on a Single Fault Profile, we
average over stations at a fault-normal distance of 5 km,
and normalize to mean unit amplitude in the frequency band
< 10 Hz. In Figure 12b, seismograms have been windowed
to remove the ground motion caused by nucleation. The en-
semble averages are consistent with the results highlighted in
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Figure 10. Relative frequency histograms showing marginal
distribution of source parameters for ensembles of dynamic simu-
lations (left) and pseudodynamic simulations (right) Each simula-
tion is implemented along a different nonplanar fault profile
(α $ 0:006, τb $ 38:5 MPa, and τb=σ0 $ 0:3056). Only points
in the region 10 km < jxj < 20 km are included in the histograms.
Comparison of ensemble marginal distributions for (a) final slip,
Δu, (b) rupture velocity normalized by shear-wave speed,
vrup=cs, and (c) peak slip velocity, Vpeak.

14 D. T. Trugman and E. M. Dunham

BSSA Early Editionthe previous subsection. Both models have flat frequency
spectra up to frequencies of ∼cs=λmin ∼ 10 Hz. The dynamic
ensemble has a greater high-frequency component due to
abrupt accelerations and decelerations of the rupture front.

Discussion

Motivated by observations of 2D dynamic rupture sim-
ulations on fractally rough faults, we have developed a pre-
liminary pseudodynamic rupture generator that incorporates
a spatial dependence of earthquake source parameters on lo-
cal fault geometry. We model three scalar source parameters
—final slip Δu, local rupture velocity vrup, and peak slip
velocity Vpeak—as spatial random fields with Gaussian mar-
ginal distributions and exponential autocorrelation functions.
These fields are anticorrelated with local fault slope, sup-
pressing slip and rupture velocity in compressional regions
while elevating them in extensional regions. We complete the

pseudodynamic model by fitting these three source parame-
ters to an exponential source–time function of the form given
by equation (15). Pseudodynamic models synthesized in this
way can be used to compute ground motion at a considerable
computational savings compared with dynamic rupture sim-
ulations. Furthermore, because the pattern of stress hetero-
geneity in our pseudodynamic ruptures is based on fault
roughness, which is directly observable, our model elimi-
nates an important source of epistemic uncertainty present in
the previous pseudodynamic models.

Our pseudodynamic model captures the key characteris-
tics of the seismic wavefield observed in dynamic simula-
tions. Averaged over ensembles of pseudodynamic and
dynamic simulations, we find that the two models produce
comparable predictions for PGV and PGA as a function of
fault-normal distance. Short-wavelength fluctuations in
model source parameters produce flat acceleration spectra
out to frequencies ∼10 Hz, an essential feature to replicate
for the purposes of seismic-hazard analysis. The model even
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Figure 11. Peak ground motion as a function of fault-normal
distance for ensembles of 30 dynamic and 30 pseudodynamic sim-
ulations. Ensemble mean values are displayed as thick lines (marked
with arrows), with the solid line denoting the dynamic simulation
mean and the dashed line denoting the pseudodynamic simulation
mean. Mean values plus and minus one standard deviation are dis-
played as thin lines (marked with circles). (a) Geometric mean of
peak ground velocity (PGVgm), averaged over a grid of 100 stations
per simulation (1 km grid spacing). (b) Geometric mean of peak
ground acceleration (PGAgm), averaged over a grid of 100 stations
per simulation (1 km grid spacing). The color version of this figure
is available only in the electronic edition.
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Figure 12. Ensemble averages of Fourier amplitude spectra
(FAS) for the fault-normal component of acceleration (ay). For each
simulation in the ensemble, individual Fourier spectra are normal-
ized to unit amplitude between 0 and 10 Hz before averaging over a
grid of 10 stations (1 km grid spacing). All stations are at a fault
normal distance of 5 km. (a) FAS for the complete seismogram, in-
cluding the hypocentral S-wave nucleation arrival. (b) FAS for seis-
mograms windowed to exclude the hypocentral S-wave nucleation
arrival. The color version of this figure is available only in the elec-
tronic edition.

A 2D Pseudodynamic Rupture Model Generator for Earthquakes on Geometrically Complex Faults 15
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NextEgeneraQon$pseudoE

dynamic$rupture$generators$$



V (t) = Δu
tp

t t p( )exp − t t p( )

Vpeak = Δu e tp

Trugman$and$Dunham$

(2014)$

NextEgeneraQon$pseudoEdynamic$

rupture$generators$$



dynamic$simula7on$ pseudo@dynamic$simula7on$

NextEgeneraQon$pseudoEdynamic$

rupture$generators$$

Trugman$and$Dunham$(2014)$



Develop$nextEgeneraQon$pseudoE

dynamic$rupture$generators$$

•  Capture$the$nonlinear$and$complex$fault$rupture$

effects$in$a$form$that$can$be$used$on$SCEC$

pla^orms$such$as$CyberShake$and$BBP.$Develop$

equivalent$kinemaQc$implementaQons$that$

capture$firstEorder$effects$of$these$features$

•  This$ensures$that$engineers$are$kept$in$the$loop,$
including$easy$access$to$building$performance$

assessment,$in$line$with$the$current$SCEC$

UQlizaQon$of$Ground$MoQon$SimulaQon$

CommiGee$



EEW$



Finite$Fault$Effects$



Earthquake$Early$Warning$

•  EEW$consists$of$both$alert$and$ground$moQon$

predicQon$for$specific$locaQons.$The$ground$

moQon$predicQon$is$currently$limited$in$

accuracy$from$the$methodologies$available$

(point$sources,$GMPEs)$

•  SCEC$has$the$capabiliQes$for$reducing$the$
uncertainty$in$the$ground$moQon$calculaQon$

and$providing$beGer$ways$of$predicQng$

ground$moQons$for$EEW$



Tsunami$Modeling$

�$

• $Need$to$generate$stateEofEtheEart$tsunami$code$in$SCEC$

• $Ventura$SFSA$



Tsunami$Modeling$

• Add$gravity$elastoEdynamic$

modeling$codes$

• InundaQon$

• RealisQc$iniQal$condiQons$



Tsunami$Modeling$

•  Develop$socware$to$model$tsunamis$

•  InundaQon$$
•  Handle$more$realisQc$iniQal$condiQons$



Summary$and$AddiQonal$Topics$

•  Nonlinear/plasQc$Effects$on$GMP$

•  Efficient$GM$Modeling$of$Complex$Fault$Rupture$and$Wave$PropagaQon$

•  PseudoEdynamic$source$generator$

•  Tsunami$modeling$code$

•  Earthquake$Early$Warning$

•  Urban$Seismic$Hazard$Maps,$i.e.,$hazard$maps$such$as$CyberShake$products$on$a$

smaller,$refined$scale$(e.g,.$Los$Angeles$downtown,$dx~102$m)$$

•  Induced$seismicity$and$its$relaQon$to$ground$moQon$hazards$in$southern$California$

(and$beyond).$Induced$seismicity$relaQon$to$stress$transfer$in$the$crust?$How$is$PSHA$

affected$by$induced$seismicity?$

•  ShakeMap.$SCEC$has$the$capabiliQes$for$improving$these$calculaQons$tremendously$

by$3D$physicsEbased$(or$determinisQcEstochasQc$hybrid)$calculaQon$of$the$ground$

moQon$intensiQes$

•  Determine$upper$limit$for$simulaQng$determinisQc$highEfrequency$wave$

propagaQon.$What$are$the$best$metrics$to$check$the$simulaQons$against$data?$Using$

those$metrics,$above$which$frequency$will$the$stochasQc$nature$of$faulQng$and$

surrounding$media$prevent$acceptable$fits?$

•  Data$management.$What$is$the$best$way$to$store$and$preserve$simulaQon$output$
(Qme$series,$snapshots,$movies),$that$otherwise$gets$lost$with$Qme$

•  Generate$and$demonstrate$the$use$of$standards$for$updaQng$and$validaQng$the$3D$
SCEC$CVMs$contained$in$UCVM$



SCEC 
Community 

Library!

Select Receiver (Lat/Lon) 

Output 
Time History 
Seismograms 

Select Scenario 
Fault Model 

Source Model 

SCEC$Digital$Library$



Terashake$Data$Handling$

•  Simulate$7.7$magnitude$earthquake$on$

San$Andreas$fault$

–  50$Terabytes$in$a$simulaQon$

–  Move$10$Terabytes$per$day$

•  PostEProcessing$of$wave$field$

–  Movies$of$seismic$wave$propagaQon$

–  Seismogram$formagng$for$interacQve$onE

line$analysis$

–  Velocity$magnitude$

–  Displacement$vector$field$

–  CumulaQve$peak$maps$

–  StaQsQcs$used$in$visualizaQons$
–  Register$derived$data$products$into$SCEC$

digital$library$



EEW$–$GMP$Improvement$

Expected$ground$moQon$at$sites$


