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• Unstructured FE non-linear seismic wave simulation code (available 
to Tera order degree-of-freedom) Ichimura et al. (2015)

Purpose of monitoring and forecasting
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2016/4/1 M6 event in Nankai source area

SCEC + Post K project

High-fidelity FEM simulation code (GAMERA)

Fujita et al. (2016)

• Unstructured FE non-linear seismic wave simulation 
code is modified for static deformation
• Terra-scale DOF FEM with viscoelastic medium
• We can model plate boundary in 10m order mesh 

and evaluate stress on the fault
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Application	to	post-earthquake	deformation
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Slip	distribution	estimation	with	error	in	material	property	

Yamaguchi et al. (2017)
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Figure 15. Comparison of two cases with different material properties. (a) The slip distribution using original material properties (m). (b) The largest difference
in 1000 cases from the original slip distribution (m).
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Post-earthquake deformation can be 
reproduced with non-linear viscoelastic 
deformation and afterslip

We are planning to apply our earthquake
monitoring/forecasting method to world wide plate
boundaries where M 8-9 earthquake and tsunami occur.

SZ4D initiative

Importance of 3D complex geometry & 
heterogeneous medium

postseismic	deformation
including	viscoelastic	response

Sun	et	al.	(2014)

l Recent progress in observation
l Ocean bottom observation data

l Topography & heterogeneous structure 
effects cannot be neglected

l Viscoelastic deformation also becomes 
important to explain ocean bottom data

Zoom	in	figures
Large	difference	between	them

Proposed	model Current	model

Plate	boundary One	of	the	slip	
distributions
estimated	for	2011	
Tohoku	event

Ichimura et al. (2017)

Seismic	response	both	for	soil	foundation	and	plant
16	mm	2nd order	tetrahedron	element	
About	49	Billion	degree	of	freedom

"A Fast Scalable Implicit Solver with Concentrated
Computation for Nonlinear Time-evolution Problems on
Low-order Unstructured Finite Elements",
Ichimura et al., 2018 IEEE International Parallel and
Distributed Processing Symposium (IPDPS).

Availability	of	automatic	mesh	generation	for	FEM	
simulation

• Highly reliable large-scale simulation codes to calculate crustal deformation & 
seismic wave propagation for 3D heterogeneous structure 
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Figure 6. Error distribution (m) of the FE solution based on the solution by Okada (1985).

Figure 7. Target area of the FE models (black line) and virtual observation
locations (black points: GEONET; blue points: GPS-A; red points: S-NET).

Plate, allowing the fault surface to reach the trench axis in the FE
model constructed with this data. The model was composed of four
layers, and its discretization size in space was 2000 m. Under these
conditions, the DOF, number of quadratic tetrahedral elements, and
number of triangular-prism infinite elements of the FE model were
82 196 106, 19 921 530 and 233 344, respectively. Fig. 8 shows a
3-D FE crustal model generated from the crustal geometry. Table 1
summarizes the original material properties of the model based on
Sato et al. (2007). On the assumed fault surface in the FE model, we
use a B-spline as the basic function of unit fault slip. The response
of the surface is calculated with the proposed method toward the
input fault slip.

Figure 8. The FE model used for the application.

Table 1. Original material properties of the four layers forming the model.
V ori

p : P-wave velocity (m s−1), V ori
s : S-wave velocity (m s−1), ρori: density

(kg m−3), Eori: Young’s modulus (Gpa), vori: Poisson’s ratio.

V ori
p V ori

s ρori Eori vori

Crust layer 5664 3300 2670 72.3 0.243
Upper-mantle layer 8270 4535 3320 176 0.285
Philippine Sea Plate 6686 3818 2600 95.4 0.258
Pacific Plate 6686 3818 2600 95.4 0.258

3.2.1 Computation efficiency

We estimated the computational efficiency of the proposed method
via a comparison with the computation times of the previous
method. For this computation, we considered only the computa-
tion time in the solver for one unit fault slip. First, we applied a
standard CG solver and used a 3 × 3 block Jacobi matrix of K
for the pre-conditioning matrix, M. We compared the computation
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Application	to	tsunami	height	estimation
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Fig. 1. SCEC community models (Shaw et al., 2015). 

 
A goal of earthquake forecasting is providing assessments of seismic risk, whose hazard component is 
largely driven by the rates of seismic moment release on faults. Our historical earthquake records are not 
long enough to make reliable predictions of seismic moment release on faults, thus we must infer this 
indirectly by combining the short seismic record with paleoseismic earthquake data, geologic studies of 
fault slip rates, and geodetic data acquired in the last 30 years or so, with physics-based models of fault 
loading that can make predictions of seismic moment release. For example, fault slip rates used to 
compute the long-term moment release rate on faults in the Unified California Earthquake Rupture 
Forecast, Version 3 (UCERF3; Field et al., 2012), were computed from numerical models that combined 
geodetic observations of present-day crustal deformation with geologic measurements of fault slip rates. 
However, many physics-based simulations, like those used for UCERF3, assume highly simplified 
models in which the lithosphere is treated as an entirely elastic medium, often with no spatial variation in 
elastic properties. Such simplifications are made to reduce computational expense; however, recently 
acquired high resolution and continuous deformation data given by space-based geodetic measurement 
(Fig. 2), as well as growing knowledge about the heterogeneous distribution of lithospheric properties, 
call for the development of high-fidelity numerical simulations that fully incorporate the three-
dimensional heterogeneous community models for the crustal deformation, along with visco-elastic 
rheology and, eventually, the non-linear frictional and plastic behavior on and off faults. As discussed 
below, there is reason to believe that the simplified physical models that are commonly used may lead to 
biased estimates of fault slip rates. 
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Fig. 2. Community Motion Map version 4 (CMM 4) Velocities. 

We are well-positioned to make a major advance in the development of physics-based models of 
lithospheric deformation for estimating the distribution of fault slip rates, and ultimately seismic moment 
release rate, on faults. Crustal deformation calculations with high-fidelity three-dimensional 
heterogeneous elastic/viscoelastic models have recently become available (Ichimura et al., 2016; Fujita et 
al., SC16 Best Poster), as extensions of the low-order finite-element method of SC14 and SC15 Gordon 
Bell Finalist papers (Ichimura et al.). These enable us to calculate huge scale (trillion order degrees-of-
freedom) crustal deformation for a small number of sources. On the other hand, physics-based earthquake 
forecasting in southern California requires estimating fault slip for hundreds of faults. Thus, for this large 
problem, with over 300 potential earthquake sources, we need to use Summit to enable us to calculate 
large scale (10 billion degrees-of-freedom) simulation many times (order of hundreds). By conducting 
this INCITE project, we can estimate the difference of slip rate estimation considering three-dimensional 
visco-elastic heterogeneity of crust with the past studies using horizontally stratified models. As large 
earthquakes tend to be affected more by the viscosity structure, we expect to gain insights in the process 
of San Andreas Fault after the M8 earthquake in 1857, and its current states. Such approach using high 
resolution heterogeneous crust data and high resolution crustal deformation observation for estimating 
fault slip rates is also considered an important topic in Japan with subduction zones. Indeed, we have 
gained funding from Japan Society for the Promotion (KAKENHI: Science Grants-in-Aid for Scientific 
Research (S)) and is now part of the Post K project. Also, the SZ4D earthquake/tsunami disaster 
mitigation proposal targeting subduction zones around the world is now moving towards using 3D 
analysis with heterogenous models. 

1.3 Details of Scientific Background 

In this subsection, we describe the scientific details of this proposal. 
 
Kinematic deformation models are widely used to estimate fault slip rates from geodetic data. Such 
models were constructed for the Unified California Earthquake Rupture Forecast (UCERF3; Field et al., 
2014) and the 2014 update to the National Seismic Hazard Model (NSHM) using GPS-derived horizontal 
velocities to estimate fault slip rates (Peterson et al., 2013, 2014). The various versions of these models 
are similar in that they model the present-day surface deformation field assuming all strain is recoverable 
and elastic due to coupling along faults.  Typically, kinematic deformation models are constructed using 
elastic half space Greens functions or the solution for faulting in elastic plate over homogeneous 
viscoelastic half space.  These simplified Earth models are adopted for convenience because analytical or 
semi-analytical solutions are readily available.  
 

Viscoelastic Crustal Deformation Analysis with 3D Heterogeneous Earth Structure 
• Fully 3D heterogeneous viscoelastic deformation calculations to bridge community
models and dense observations in southern California
• 10 Billion degrees-of-freedom finite element mesh
• Green's functions of 2,000 time steps for more than 300 fault segments

SCEC Community models Dense observations

Summit


