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Seismic	  Hazard	  Analysis	  is	  a	  System-‐Level	  Problem	  

InSAR Image of the
Hector Mine Earthquake

• A satellite
generated
Interferometric
Synthetic Radar
(InSAR) image of
the 1999 Hector
Mine earthquake.

• Shows the
displacement field
in the direction of
radar imaging

• Each fringe (e.g.,
from red to red)
corresponds to a
few centimeters of
displacement.

Seismic 
Hazard 
Model 

Seismicity ! Paleoseismology! Site effects! Geologic structure!

Faults!

Stress!
transfer!

Crustal!
motion!

Crustal!
deformation!

Seismic velocity!
structure!

Rupture!
dynamics!

!
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Research Needs Blue Waters	

•  Research continues to extend geographical range, higher 

resolution, more time steps 
•  Size of “new” problems pushes the computational (CPU, memory, 

disk) limits of small systems 

•  Improved inputs include fault models and earth structure 
models can motivate updating previous results 
•  Individual simulations do not “solve” the problem. Re-running 

completed simulations, with new inputs, often requires increasing 
the need for computational time 

•  Need to increase the maximum simulated frequency 
requires improved physics and improved code 
performance 
•  High-frequency simulations can now be considered with Blue 

Waters scale systems 
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Research Needs Blue Waters	


Correlation between simulation's f_max and the 
fundamental mode of buildings vibration:  

 height (in floors) =  10 / frequency (Hz) 
 
–  20 floors   ~= 10 / 0.5Hz  – Probabilistic CyberShake 14.2 
–  10 floors   ~= 10 / 1.0Hz  – Probabilistic CyberShake 15.4 
–  5 floors     ~= 10 / 2.0Hz 
–  2.5 floors  ~= 10 / 4.0Hz  – Single Earthquake Sims 
–  1.5 floors  ~= 10 / 8.0Hz 
–  1 floor       ~= 10 / 10Hz 
 

•  2x frequency -> 16x computational work 
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Research Needs Blue Waters	

•  Earthquake system science computational research uses 

a broad range of codes and system capabilities 
(CPU,GPU, Data Intensive, Workflows) 
•  Multiple research codes and computing tools and techniques are 

supported by Blue Waters system 

•  Scale of simulations have led to multi-month time to 
solution.  
•  Blue Waters helps reduce the “time to solution” for some long 

duration simulations to manageable levels (months not years). 
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Time to Solution	


Makespan (Days)                                                           2,923                   257                        61                    14.2 
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geosystem science…	

•  Geosystem science requires an iterative, computationally intense process of model 

formulation and verification, simulation-based predictions, validation against 
observations, and data assimilation to improve the model 

•  As models become more complex and new data bring in more information, 
geosystem science requires ever increasing computational resources 

Inference Spiral of 
System Science	
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Blue Waters Results May 2014 - May2015	

 
1.  Integrate new Physics into ground motion simulations 

–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 
Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo 

2.  Extend simulations to Higher Frequencies and Compare 
Results between equivalent Codes 
–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 

Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo, Scott Callaghan 

3.  Ensemble (probabilistic) simulations at higher frequencies 
–  Scott Callaghan, Thomas Jordan, Kim Olsen, Robert Graves, Phil 

Maechling 

 
 



Southern California 
Earthquake Center 

Earthquake engineering band 
tall buildings             houses      stiff structures 

fault roughness 
near-fault plasticity 
frequency-dependent attenuation 
topography 
small-scale near-surface heterogeneity 
near-surface nonlinearity 

High-F 
modeling 

must 
validate 

new 
physics 

High-F Project	


1000 s 
 

.001 Hz 

100 s 
 

.01 Hz 

10 s 
 

.1 Hz 

1 s 
 

1 Hz 

0.1 s 
 

10 Hz 

period 
 

frequency 

low-order free  
oscillations mantle waves 
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Seismic band 

physics-based deterministic SCEC 
simulations 

2014 empirical 
stochastic 

physics-based deterministic 

empirical  
stochastic 

physics-based  
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simulations 

2018 

5 Hz 

CyberShake 
0.5 Hz 



	  local	  rise	  =me	  of	  the	  i	  th	  subfault,	  τ	  i	  ,	  which	  
scales	  with	  local	  slip	  Si:	  
	  
τ	  i	  =	  2	  x	  k	  x	  sqrt(Si1/2)	  	  	  	  z<5km	  
τ	  i	  =	  	  	  	  	  	  	  k	  x	  sqrt(Si1/2)	  	  	  	  z<8km	  
	  
τa=al	  x	  1.6	  x	  10-‐9	  x	  Mo1/3	  	  	  	  average	  rise	  =me	  
(Somerville	  et	  al.,	  1999)	  

GP	  Model	  Recipe	  (G	  &	  P)	  

Model	  A	  Recipe	  

τi	  =	  L/Vr/2.	  	  	  L	  asperity	  area	  diameter	  
	  
td=4./fc/pi	  	  ??	  
	  	  

Scaled Slip Velocity Functions  

Liu

Miyatake

Liu and Archuleta
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Discussion	  About	  Difference	  of	  Slip	  Velocity	  Func?ons	  	  

Note:	  The	  parameters	  used	  in	  compu=ng	  the	  slip	  func=on	  presented	  here	  	  
	  	  	  	  	  	  	  	  	  	  	  	  may	  need	  to	  be	  verified	  using	  NIED’s	  report.	  	  	  	  



mod4 E−W Comp.
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Simulated	  Accelerograms	  for	  Model	  1	  and	  G&P	  	  

1D	  Mul=layers	  Velocity	  Model	  
Fmax	  =	  2	  Hz	  
	  
G&P	  Red	  traces	  
Model	  1	  Blue	  traces	  
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•  Largest earthquake in the L.A. region 
since the 1994 Northridge 
earthquake.!

•  Combination of thrust and strike-slip 
faulting between the Whittier and 
Chino faults.!

•  No significant damages, no fatalities.!
•  Excellent opportunity for testing 

assumptions and methodologies.!
•  Recorded in over 450 strong motion 

station from different seismic 
networks.  336 surface stations within 
simulation domain.!

The 2008 chino hills earthquake!
and region of interest!
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Taborda and Bielak (2014) 
BSSA, 104(4): in press 

Recent work using different velocity models!
case study: 2008 Chino Hills earthquake!

Taborda and Bielak (2013) 
BSSA, 103(1): 131–156 
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Blue Waters Results May 2014 - May2015	

 
1.  Integrate new Physics into ground motion simulations 

–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 
Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo 

2.  Extend simulations to Higher Frequencies and Compare 
Results between equivalent Codes 
–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 

Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo, Scott Callaghan 

3.  Ensemble (probabilistic) simulations at higher frequencies 
–  Scott Callaghan, Thomas Jordan, Kim Olsen, Robert Graves, Phil 

Maechling 
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Single Earthquake Simulations Lead Improvements 

•  Individual earthquake simulations are used as the codes 
are improved and are validated to run with improved 
physics and at higher frequencies. 

•  Probabilistic simulations require 100,000s of individual 
earthquake simulations. 

•  Physics and code improvements developed for individual 
earthquake simulations are integrated into probabilistic 
ensemble calculations, as soon as is practical. 

 
•  Currently, individual earthquake simulations (4Hz), 

probabilistic ensemble (1Hz) 
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AWP-ODC (FD) Blue Waters 4Hz Simulation	


•  Max Freq: 4Hz  
•  Min Vs: 500 m/s  
•  Number of cores used: 3060 Nodes * 32 = 97,920 Cores 
•  Time to complete simulation: 10 hours 30 minutes  
•  Estimated Cost: 32,000 Node Hours 
•  Simulated time: 100 s 
•  Total elements : 97,920,000,000  
•  Number of time steps : 100,000  
•  Spatial Discretization: 20 m 
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Hercules Blue (FE) Waters 4Hz Simulation	


•  Max Freq: 4Hz 
•  Min Vs: 500 m/s  
•  Number of cores used: 300 Nodes * 32 = 9,600 Cores 
•  Time to complete simulation:  11 hours 5  minutes 
•  Estimated Cost:  3,300 Node Hours 
•  Simulated time: 100 s 
•  Total elements : 6,178,209,792 
•   Number of time steps : 40,000 
•   Spatial Discretization Minimum: 10.9863 m 
•   Spatial Discretization Maximum: 87.8906 m 
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AWP-ODC (FD) versus Hercules (FE)	
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Blue Waters Results May 2014 - May2015	

 
1.  Integrate new Physics into ground motion simulations 

–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 
Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo 

2.  Extend simulations to Higher Frequencies and Compare 
Results between equivalent Codes 
–  Kim Olsen, William Savran, Kyle Withers, Zheqiang Shi, Jacobo Bielak, 

Ricardo Taborda, Naeem Khoshnevis, Dorian Restrepo, Scott Callaghan 

3.  Ensemble (probabilistic) simulations at higher frequencies 
–  Scott Callaghan, Thomas Jordan, Kim Olsen, Robert Graves, Phil 

Maechling 
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Los Angeles Earthquake Preparedness	


“The Los Angeles plan requires new freestanding cellphone towers 
to be built to the same seismic standards as public safety facilities. 
Cellphone towers are currently built only strong enough to not 
collapse and kill people during a major earthquake. They're not 
required to be strong enough to continue working..” 
•  Los Angeles Times 8 May 2015 
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City of Los Angeles Earthquake Preparedness Plan (2015)	


1

Res i l ience by Des ign
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City of Los Angeles Earthquake Preparedness Plan (2015)	


1 2

Enhance Reliable Telecommunications

Modern soc ie ty and economic ac t i v i t y are dependent on te lecommun ica t ions ,  i nc lud ing ce l l  phones 
and In te rne t access .   The Nor th r idge ear thquake occur red pr io r to these serv ices be ing w ide ly 
ava i lab le ,  so we do not have d i rec t exper ience w i th the i r vu lnerab i l i t i e s .   We can ,  however,  use the 
exper iences in o ther coun t r i es and in o ther d i sas te rs to in fo rm the e f fo r t s  needed to pro tec t v i ta l 
commun ica t ions sys tems .

9

Fortify our Water System

The water sys tem i s  the u t i l i t y mos t vu lnerab le to ear thquake 
damage ,  and tha t damage cou ld be the la rges t cause of 
economic d i s rup t ion fo l low ing an ear thquake.  Por t ions of the 
sys tem are more than a cen tu ry o ld and vu lnerab le to many types 
of damage.  Lack of water wou ld impede recovery and the 
long-te rm loss of a water supp ly cou ld lead to bus iness fa i l u re 
and even mass evacuat ion .   Deve lop ing a more res i l i en t water 
sys tem i s  impera t i ve for the fu tu re of Los Ange les .

5

Strengthen Our Buildings

The mos t obv ious th rea t f rom ear thquakes i s  phys ica l  damage 
to vu lnerab le bu i ld ings .   Sof t s to ry and concre te bu i ld ings bu i l t 
before the imp lementa t ion of Los Ange les ’  1976 rev i s ion of the 
bu i ld ing code pose a s ign i f i can t r i s k to l i fe  in  s t rong ear thquake 
shak ing .
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Seismic Hazard versus Seismic Risk	


•  Seismic hazard refers the probability that an 
earthquake will cause ground motions exceeding 
a given threshold in a given geographic area, 
within a given window of time. 

•  Seismic risk refers to the potential damage from 
earthquake to a building, system, or other entity. 
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City of Los Angeles Earthquake Preparedness Plan (2015)	
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City of Los Angeles Earthquake Preparedness Plan (2015)	
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Blue Waters Impact on the Real World 

Building Engineers are asking SCEC for higher frequency ensemble 
simulations. The path from Blue Waters to real-world seems like: 

1.  SCEC uses Blue Waters to calculated improved peak ground motion 
estimates for southern California 

2.  Improved peak ground motions estimates are used to calculate 
maximum credible ground motions (at different frequencies) for all 
sites in a region of interest.  

3.  ASCE engineers include improved maximum credible ground motions 
and publish updated building code recommendations. 

4.  Public authorities (such as City of Los Angeles) reference ASCE 
codes in their laws, ordinances, regulations. 

5.  Cell Towers engineers building new towers in Los Angeles using 
improved maximum credible ground motions during construction 

6.  Blue Waters results contribute to a safer environment 
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Blue Waters Impact on the Real World 

City of Los Angeles issued 5.3B of construction permits in 2014 
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City of Los Angeles Earthquake Preparedness Plan (2015)	
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CyberShake Workflow	


Uniform California 
Earthquake Rupture 

Forecast 



CyberShake	  Rupture	  Generator	  Updated	  in	  2014	  

CyberShake	  Rupture	  Generator	  that	  created	  rupture	  varia=ons	  was	  changed	  from	  simple	  
hypocenter	  spacing	  model	  to	  	  (top)	  to	  regular	  (center)	  and	  random	  (boeom).	  Center	  
being	  used	  for	  first	  Los	  Angeles	  area	  1Hz	  CyberShake	  model.	  
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May 2015 UGMS Meeting	

•  CyberShake Study 15.4 

•  UCERF2 
•  No Background Seismicity 
•  3D Velocity Model: CVM-S4.26 
•  Min Vs: 500 m/s 
•  Velocity Meshing: 100m 
•  Fault Meshing: 200m 
•  Rupture Generator: genslip v3.3.1 (Graves & Pitarka 2014) 
•  Maximum Frequency: 1.0Hz 
•  PSHA 2.0s, 3.0s, 5.0s, 10.0s curves  
•  RotD100 2.0s, 3.0s, 4.0s, 5.0s, 7.5s, 10.0s curves 
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New Computational Results For May 2015	


•  Current CyberShake 15.4 Study using NSF and DOE 
Computers 
•  Los Angeles area Hazard Model based on 336 sites at 1Hz 
•  Estimated 40M Computer Hours 
•  Estimated 1PB+ temporary data split between Blue Waters 

and Titan 
•  Estimated 11TB persistent data at SCEC 
 

•  Current Status: Preliminary results for 168 of 336 
(50%) Sites Completed 
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CyberShake Platform: Physics-Based PSHA	
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CyberShake 14.2 Probabilistic Hazard Model Products	


CS 14.2 RotD100 3.0s ���
Probabilistic Hazard Curve ���

(LADT)	


CS 14.2 PSA3.0 	

Hazard Model (286 sites)	


CS 14.2 RotD100 3.0s Probabilistic, 
Deterministic, Combined, Overall 

MCER Curves (LADT)	


GMPE Comparison Maps	

Ratio (CS 14.2/ NGA-2) 	

RotD100 3.0s (286 Sites)	


CS 14.2 RotD100 3.0s 	

Probabilistic, Deterministic, Deterministic Lower 

Limit, Combined  MCER Contour Maps (286 Sites)	




Risk-Targeted Maximum Considered Earthquake Response 
Spectra (MCER) at 14 Southern California Sites 

SCEC Meeting Program (November 3, 2014) 
10:00  Welcome and Attendee Introductions (Tom Jordan)  
10:10  Introductory Remarks & Meeting Agenda (C.B. Crouse) 
 



Risk-Targeted Maximum Considered Earthquake Response 
Spectra (MCER) at 14 Southern California Sites 

SCEC Meeting Program (May 4, 2015)   
10:00  Welcome and introductions         Thomas Jordan 
10:15  Introductory Remarks and Meeting Agenda      C.B. Crouse 
10:30  New Code Cycle (Project 17, BSSC Issue Teams, ASCE 7 SSC)  C.B. Crouse   
 



CyberShake	  Rupture	  Generator	  Updated	  in	  2014	  

CyberShake	  Rupture	  Generator	  that	  created	  rupture	  varia=ons	  was	  changed	  from	  simple	  
hypocenter	  spacing	  model	  to	  	  (top)	  to	  regular	  (center)	  and	  random	  (boeom).	  Center	  
being	  used	  for	  first	  Los	  Angeles	  area	  1Hz	  CyberShake	  model.	  



CyberShake	  Rupture	  Generator	  Updated	  in	  2014	  

CyberShake	  Rupture	  Generator	  that	  created	  rupture	  varia=ons	  was	  changed	  from	  simple	  
hypocenter	  spacing	  model	  to	  	  (top)	  to	  regular	  (center)	  and	  random	  (boeom).	  Center	  
being	  used	  for	  first	  Los	  Angeles	  area	  1Hz	  CyberShake	  model.	  
  

STNI Curves, 2 sec

Study 14.2
(0.5 Hz)

Study 15.4
(1 Hz)

1 Hz simulation (Study 15.4) reduces effect of roll-off due to filtering
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CyberShake 14.2 Combined MCER Results ���
3s RotD100 (286 Sites)	
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GMPE (NGA-2) Combined MCER Results ���
3s RotD100 (286 Sites)	
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Ratio (CyberShake 14.2 / NGA-W2) MCER Results ���
3s RotD100 (286 Sites)	




Southern California 
Earthquake Center 

Conclusions	

This describes how Blue Waters can have an impact on the 
real world.  
 
It can be done. But it’s not done.  
 
1.  To make this happen we need continued support for 

supercomputer centers.  
2.  We need continued support for high performance 

scientific software developers.  
3.  We need continued support for scientific research 

programs including geoscientific research.  
4.  We need multi-disciplinary collaborations on practical 

problems.  
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Intensity-Measure 
Relationship 

 
List of Supported IMTs 

 

List of Site-Related Ind. Params 

IMT, 
IML(s) Site(s) Rupture 

€ 

Prob(IMT ≥ IML | Site,Rup)

Classic IMRs 
 

Gaussian dist. is assumed; mean and 
std. dev. computed from various 

parameters 
 

AKA:  
         “attenuation 
           relationship” 

Simulation IMRs 
 

exceed. prob. computed using 
a suite of synthetic 
seismograms 

Vector IMRs 
  

compute joint prob. of  
exceeding multiple IMLs 

Multi-Site IMRs 
 

compute joint prob. of 
exceeding IML(s) at multiple 

sites 

Various IMR types 
(subclasses) 
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Computational Duration	




Los Angeles Region Hazard Map, 2% in 50-yr Sa(3 sec) 
Graves et al. (2010) CyberShake Simulations 

Graves et al. (2010) – Fig. 9 



Graves et al. (2010) – Fig. 9 

Los Angeles Region Hazard Map, 2% in 50-yr Sa(3 sec) 
Campbell & Bozorgnia (2008) NGA eqn. 
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Goodness of Fit Evaluation Using Chino Hills Earthquake	
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Improvements beyond inversion fmax!
with respect to the base model (0–4 Hz)!

CVM-S CVM-S4.26 (Option 1) 
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Los Angeles Earthquake Preparedness	

 
 
"If architects built buildings like programmers 
build programs, the first woodpecker that came 
along would destroy civilization.” 
Software Aphorism 



Southern California 
Earthquake Center 

November 2014 UGMS Meeting	

•  CyberShake Study 14.2 

•  UCERF2 
•  No Background Seismicity 
•  3D Velocity Model: CVM-S4.26 
•  Min Vs: 500 m/s 
•  Velocity Meshing: 200m 
•  Fault Meshing: 1000m 
•  Rupture Generator: genslip v3.2 (Graves & Pitarka 2010) 
•  Maximum Frequency: 0.5Hz 
•  PSHA 3.0s, 5.0s, 10.0s curves  
•  RotD100 3.0s, 5.0s, 10.0s curves 



Southern California 
Earthquake Center Resilient By Design ���

City of Los Angeles Earthquake Preparedness Plan (2015)	




Southern California 
Earthquake Center CyberShake Study 14.2 Hazard Map	



