
   An Introduction to Virtual Quake
Kasey Schultz and John Wilson
University of California, Davis CIG Webinar – December 3, 2015
Department of Physics - Rundle Group



Outline for Today!
•  What is Virtual Quake (VQ)? 
•  What physics does it use?
•  Where to find the Virtual Quake code
•  Setting up a simulation

–  Building a fault model

•  Running Virtual Quake
•  Analyzing Results with PyVQ (Python script)
•  Featured Virtual Quake Papers
•  Direct Simulation Data Analysis with PyVQ
•  Other VQ projects underway
•  Interesting future studies



History of Virtual Quake !•  1989
–  “Virtual California” slider-block model proposed by John Rundle

•  1990s-2000s
–  Virtual California simulator developed and continuously improved 

•  Early 2000s
–  Virtual California begins to simulate the California fault system (using only 

vertical strike-slip faults), Prof. Rundle produces simulation-based seismic 
hazard assessment for California [PNAS 2005]

•  Early 2010s
–  Virtual California gets more complex, all fault geometries

•  2012 
–  NASA Software of the Year Co-Winner (as part of QuakeSim group)
–  A Series of BSSA papers validate Virtual California simulations with other 

earthquake simulation groups (RSQSim,  AllCal,  Visco-Sim)

•  2013-Today
–  “Virtual Quake” is a greatly improved, open source, modularized, and 

modern C++ code. 
–  Includes fault model-building tools, simulation analysis script, and Python 

library “quakelib”



Virtual Quake Validation: Earthquake Simulator Comparison

2012 NASA Software of the Year as part of the QuakeSim team (HQ at NASA JPL) !

VQ simulations consistent with 
observed EQ rates and with 
independent simulators!

VQ physical assumptions and 
simplifications are reasonable!

•  2012 series of papers in BSSA
•  Compared California fault model simulations between four different earthquake 

simulators



VQ Simulation Flow
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Physics of Virtual Quake - Summary!
•  Boundary element, elastic half-space code. Simulates earthquake sequences 

with stress interactions between faults over 10,000 – 100,000 years.
•  Specify a fault model: Fault geometry, long term slip rates, aseismic fractions
•  Faults are meshed by VQ at a desired resolution (1-3km typical for large 

systems)

•  Each fault patch experiences “chaotic” elastic rebound from self-loading (via 
slip rate) and being stressed by other fault patches (stress Greens’ functions 
for interactions – e.g. Okada 1992). Greens function matrices pre-computed

•  Failure is governed by a Coulomb Failure Function (Stein 1999)
•  Dynamic failure is also allowed at sub-critical stresses to approximate stress 

intensity at a crack tip during a rupture
•  2 free parameters: 

–  Dynamic failure coefficient (fractional stress increase required during an earthquake for a 
fault patch to join the rupture, 0.5 = 50% increase from event start to join rupture)

–  Stress drop coefficient (complicated, think of it as a tuning parameter for the overall 
earthquake rates) (stress drops are used to determine amount of slip during event)

•  Can incorporate slip-weakening (one of many optional parameters)



Interaction Model: Green’s Functions

Discrete: stress σ(t) and slip s(t) only 
evaluated on fault elements

Shear stress along slip direction

Normal stress

«  Stress Green’s functions            and            are complicated, in general they go 
like 1/r3, and positive slip s(t)>0 reduces local stress.



Earthquake Model

Elements on same fault as the 
initial failed element can slip even 
if CFF(tEQ) ≠ 0

Dynamic triggering factor η 
controls rupture propagation

η=0.5 in simulation used later

Static Failure Dynamic Failure

Earthquake at time tEQ if CFF(tEQ)=0
(Coulomb Failure Function)

μs  coefficient of static friction, derived 
from fault parameters



•  CIG      geodynamics.org/software/vq  (stable releases)

•  GitHub github.com/geodynamics/vq  (bleeding edge updates)

•  Continuously integrated on a CIG server 
–  Ensures VQ will build on a variety of Linux machines

•  Daily build tests on Mac OS X and Linux

•  Windows not supported

•  Build on command line with Cmake
–  See the MANUAL for full install instructions

Building Virtual Quake from Source !



•  After installing Virtual Quake, use Cmake to run a suite of tests

Extensive Unit-Testing Suite !



Building a Fault Model!

•  We build fault models from trace files (one per fault)
•  Trace file:  At some resolution, specify the following 

parameters along the trace of the fault
–  lat/lon,  dip,  rake,  slip rate,  depth (along dip),  aseismic 

fraction

•  Our fault mesher will build the fault from the trace 
information, filling the space of the fault with 
elements (many mesher options)



Building a Fault Model: Example !
•  Given two trace files, build the fault model with the mesher
•  Also output a Google Earth KML file of the model

$ ~/vq/build/src/mesher  --import_file  trace_file1.txt  --import_file_type=trace  

  --import_file  trace_file2.txt  --import_file_type=trace  --export_file=combined_model.txt
  --export_file_type=text  --export_file=combined_model.kml  --export_file_type=kml



Example Fault Model: UCERF3 
(USGS 2013)!

~3km x 3km discretization!
22,000 fault elements!



UCERF3 (USGS 2013)!
~3km x 3km discretization!



Running Virtual Quake: Parameter File !

sim.time.start_year         = 0

sim.time.end_year           = 10000

sim.greens.method           = standard

sim.greens.output           = stress_your_fault_model_3km.h5

sim.file.input              = your_fault_model_3km.h5

sim.file.input_type         = hdf5 

sim.file.output_event       = events_your_fault_model_3km_drops0-4_dyn0-5_10kyr.h5

sim.file.output_event_type  = hdf5

sim.friction.stress_drop_factor   = 0.4

sim.friction.dynamic              = 0.5

sim.file.output_stress            = test_stress.txt

sim.file.output_stress_index      = test_stress_index.txt

sim.file.output_stress_type       = text

sim.file.output_stress_num_events = 5000

simulation time range !

greens functions!

file I/O !

tuning parameters!

sim checkpoint saving !

There are many more parameters, see 
the User’s Manual for full list !



Running Virtual Quake !



Virtual Quake Output: Events!



Virtual Quake Output: Sweeps!



Recent Virtual Quake Publications !

“The State of VQ”, 
and EQ probabilities 
for California!

Co-seismic Gravity !
Changes!

EQ Probabilities, !
Activation vs. 
Quiescence !

Presented !
Fault-wise EQ 
Probabilities!

accepted June 2015!

12 Virtual Quake Publications listed on CIG:
geodynamics.org/cig/news/publications/#vq



Virtual Quake Users!

Currently Collaborating with:
•  Univ. of Tehran researchers (Dept. of Civil Engineering)

•  Universidad Católica del Norte;  Antofagasta, Chile



Virtual Iran (under development)!

•  Univ. of Tehran researchers (Dept. of Civil Engineering)
•  Used “NeoKinema” software with geologic+GPS data to solve for fault parameters
•  Currently preparing for long term Iran fault system simulations



The quakelib module and PyVQ Analysis Script !

•  We use SWIG to wrap the QuakeLib C++ libraries into “quakelib”
•  quakelib is an object-oriented Python library (example script below)

•  PyVQ is a Python script that utilizes the quakelib module
•  Creating the same file as above with PyVQ on the command line:

import quakelib

# ------ Initialize model object ----------
model = quakelib.ModelWorld()

# ------ Read model file ------------------
model.read_file_hdf5(“path/to/model_file.h5”)
# or
model.read_file_ascii(“path/to/model_file.txt”)

# ------ Read simulation (event) file -----
events = quakelib.ModelEventSet()
events.read_file_hdf5(“path/to/event_file.h5”)

# Create a KML file showing the co-seismic slip distribution for event #1415
model.write_event_kml(“my_event_1415.kml”, events[1415])

$ python ~/vq/pyvq/pyvq/pyvq.py --event_kml --model_file path/to/model_file.h5
--event_file path/to/event_file.h5 --event_id 1415



•  Well-commented
•  In Python, so easy to read through the code

•  Automatic file naming: utilizes sub-setting parameters and 
model and event file names where applicable

•  Easily adaptable, write whatever functions you want

[ Show the file]

•  Many examples to follow illustrate the utility of PyVQ 
and show the commands used to make the plots

PyVQ Analysis Script !



•  Computing conditional probabilities for large EQs given the 
simulated EQ distribution

•  Visualizing simulated earthquake statistics

•  Visualizing spatial patterns for simulated earthquakes
–  Co-seismic gravity changes

–  Co-seismic InSAR interferograms & surface deformation

–  Co-seismic Geoid height changes

•  Visualizing slip during simulated earthquakes

•  The next few slides give examples of direct simulation data 
analysis 

PyVQ - Direct Simulation Data Analysis !



$ python ~/vq/pyvq/pyvq/pyvq.py --all_stat_plots --event_file path/to/event_file1.h5 
     path/to/event_file2.h5 ... --min_num_elements 10 --max_year 10000 --min_magnitude 5.5

Example: Simulated EQ Statistics !



Example Event KML     [show Google Earth] !

$ python ~/vq/pyvq/pyvq/pyvq.py --event_kml --model_file path/to/model_file.h5
--event_file path/to/event_file.h5 --event_id 4406



PyVQ Example: Slip “during” simulated earthquake !

$ python ~/vq/pyvq/pyvq/pyvq.py --event_movie --event_id 0 
--model_file path/to/model_file.h5 --event_file path/to/event_file.h5



Virtual Quake: Slip during simulated EQ !CFF (stress) during simulated EQ !

This plot is currently in Beta phase, hasn’t made it to PyVQ yet. You can 
find other functions like this in  vq/pyvq/pyvq/betas/



★  50,000 year simulation of UCERF2 model
★  482 earthquakes, M ≥ 7.5
★  Mean recurrence 98.4 years
★  109 years since 1906 San Francisco  M=7.9

Northern California Earthquake Probabilities, M ≥ 7.5 (Schultz et al. 2015)

$ python ~/vq/pyvq/pyvq/pyvq.py --model_file model_file.h5 --event_file event_file.h5
    --traces --plot_cond_prob_vs_t --plot_waiting_times --min_magnitude 7.5 
    --use_sections 1 2 3 4 5 6 7 8 ... 26 27 ... 37 40 42

50% prob. of M ≥ 7.5 in next 55 years
75% prob. of M ≥ 7.5 in next 94 years



★  50,000 year simulation of UCERF2 model !
★  1454 earthquakes, M ≥ 7.0 !
★  Mean recurrence 22.1 years
★  5 years since 2010 El Mayor-Cucapah, M 7.2

Southern California Earthquake Probabilities, M ≥ 7.0 (Schultz et al. 2015)

$ python ~/vq/pyvq/pyvq/pyvq.py --model_file model_file.h5 --event_file event_file.h5
    --traces --plot_cond_prob_vs_t --plot_waiting_times --min_magnitude 7.0 
    --use_sections 126 127 128 129 130 ... 136 137 138 139 140 ... 2181

50% prob. of M ≥ 7.0 in next 16 years
75% prob. of M ≥ 7.0 in next 30 years!



Gravity Change Patterns for Strike-slip Faults (Schultz et al. 2015) 

•  Greens Functions from Okubo [1992]
•  Input:   fault geometry + co-seismic slips
•  unit: microgal = 10-8 m/s2

$ python ~/vq/pyvq/pyvq/pyvq.pyython ../vq/pyvq/pyvq.py --greens --field_type gravity 
--plot_name "strikeslip_dip90_LL" --uniform_slip 5 --colorbar_max 50 
--levels -50 -40 -30 -20 -10 0 10 20 30 40 50 --rake 0 --dip 90 --DTTF 1000



«  The signal you see 
measuring gravity changes 
on land with a dense 
network of sensors 

Simulated earthquake
«  Strike-slip, M = 7.88

«  Mean slip  2.2m

«  Surface Rupture Length 
712km

Surface gravity changes for VQ earthquake similar to 1906 San Francisco

$ python ~/vq/pyvq/pyvq/pyvq.py -model_file ../VQModels/allcal_fault_5000.h5 
--event_file events_norcal_fault_5km_5kyr_dyn0-5_BASSgen0.h5 
--field_plot --field_type gravity --event_id 1414 --colorbar_max 20



•  Combining VQ with the cellular automata tsunami propagation 

code “Tsunami Squares” [Steve Ward, UCSC] to produce 

simulated tsunami catalogs

•  Developing a spatial verification method to compare simulated 

earthquake location/magnitude to observed earthquakes

•  Developing a method to add fractal “roughness” to our over-

simplified and smooth fault planes

•  The next few slides give descriptions of these project

Other VQ Projects Currently Underway !



Tsunami Squares [Open-source version under development] 

«  Cellular automata algorithm for tsunami propagation

«  Consistent with observed landslide-generated tsunamis

Sea floor 
displacements

Simulate subduction
 zone faults

ProbabilitiesEQ parameters

Virtual Quake Tsunami Squares

Max runups

Propagate 
initial uplift

Arrival times

Simulated EQ/Tsunami catalog



Virtual Quake + Tsunami Squares 
[under development] 



Spatial Verification Using ETAS !

•  In	
  addi'on	
  to	
  sta's'cs	
  such	
  as	
  frequency-­‐magnitude	
  rela'ons,	
  slip-­‐magnitude,	
  etc,	
  
we	
  wish	
  to	
  verify	
  the	
  spa'al	
  distribu'on	
  of	
  earthquakes	
  from	
  simulators	
  

•  Simulators	
  yield	
  earthquakes	
  directly	
  on	
  top	
  of	
  modeled	
  faults	
  

•  Most	
  observed	
  earthquakes	
  occur	
  off	
  of	
  known	
  major	
  faults	
  



Spatial Verification Using ETAS !

•  Use	
  Epidemic-­‐Type	
  AEerShock	
  (ETAS)	
  model	
  to	
  smear	
  simulated	
  earthquake	
  
seismicity	
  through	
  the	
  all	
  of	
  space	
  

	
  
•  Omori	
  modifica'on	
  to	
  Gutenberg-­‐Richter	
  sta's'cs,	
  for	
  an	
  earthquake	
  of	
  magnitude	
  

m	
  produces	
  a	
  sequence	
  of	
  aEershocks,	
  down	
  to	
  magnitude	
  mc,	
  numbering	
  	
  

where	
  Δm	
  is	
  1.0.	
  	
  This	
  number	
  of	
  aEershocks	
  is	
  then	
  distributed	
  over	
  a	
  spa'al	
  variant	
  
of	
  an	
  Omori	
  power	
  law	
  distribu'on	
  
	
  
	
  
	
  
The	
  parameter	
  q	
  is	
  determined	
  observa'onally	
  to	
  be	
  1.5.	
  	
  r0	
  is	
  related	
  to	
  the	
  rupture	
  
length	
  of	
  the	
  mainshock,	
  and	
  χ	
  is	
  determined	
  from	
  the	
  normaliza'on	
  condi'on	
  that	
  all	
  
aEershocks	
  must	
  sum	
  to	
  NOmori	
  	
  



Spatial Verification Using ETAS !

•  Divide	
  test	
  region	
  around	
  California	
  into	
  0.1° x 0.1° degree bins	
  

	
  	
  



Spatial Verification: ROC method!

•  For	
  a	
  given	
  rate	
  map,	
  spa'al	
  bins	
  are	
  ranked	
  by	
  
their	
  rate,	
  and	
  only	
  bins	
  ranked	
  higher	
  than	
  a	
  set	
  
threshold	
  are	
  considered	
  posi've	
  forecasts	
  (ini'ally,	
  
only	
  highest-­‐ranked	
  bin)	
  

•  If	
  a	
  real	
  earthquake	
  occurred	
  in	
  this	
  bin,	
  	
  a	
  “Hit”	
  is	
  
recorded.	
  	
  If	
  not,	
  it	
  is	
  a	
  “False	
  Alarm”	
  

•  The	
  threshold	
  is	
  then	
  lowered,	
  and	
  the	
  top	
  two	
  bins	
  
are	
  considered	
  in	
  the	
  same	
  manner.	
  	
  Hits	
  and	
  False	
  
Alarms	
  are	
  for	
  lower	
  thresholds,	
  un'l	
  the	
  whole	
  
map	
  is	
  considered	
  a	
  posi've	
  forecast.	
  

•  For	
  all	
  threshold	
  values,	
  Hits	
  are	
  ploWed	
  against	
  
False	
  Alarms.	
  	
  The	
  area	
  under	
  this	
  curve	
  is	
  a	
  
measure	
  of	
  the	
  skill	
  of	
  the	
  forecast	
  



Future Research with Virtual Quake: An Example !

•  Test the effect of modifying the input faults to include fractal 
distribution of “roughness”
–  Perturb the lat/lon of fault trace points along the strike according to a 

fractal distribution
–  Fix the end points and control the amount of perturbation to keep 

large scale fault geometry constant
–  Will this lead to aftershocks and foreshocks? Introduces anisotropy in 

shear and normal stress interactions



Future Research with Virtual Quake: An Example !

Smooth	
  Fault,	
  192	
  km	
  in	
  length	
  



Future Research with Virtual Quake: An Example !

Fractalized!	
  	
  Power	
  spectrum	
  power	
  
law	
  exponent	
  β = 1.0	
  



Thank You for Tuning In!
•  Virtual Quake is funded by NASA, currently managed 

by Prof. Rundle’s group at UC Davis

•  Please read the users’ manual on the VQ page at CIG
www.geodynamics.org/software/vq

•  We are open to collaboration, contact us:
kwschultz@ucdavis.edu   &    jhnwilson@ucdavis.edu


