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Motivation
 Many fracture problems have geometric or material 

nonlinearities but local ones!

Nonplanar faults (Eric Dunham, Stanford)

Damage and localization in fault zonesWavy interfaces (IEEE)
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Motivation-CONT’D 
 Many fracture problems –especially in geophysics-

exhibit spatio-temporal complexity

PSS

PSS
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Classically, we can use a volume-based discretization 
technique such as the Finite Difference Method or Finite 
Element Method

• Widely used in earthquake mechanics since mid-70s 
and early 80s. 

• Can handle heterogeneities, nonlinearities, and fault 
geometry complexities. 

• Easy to use and Implement.

However, 

• Low-order formulations suffer from artificial dispersion. 

• It’s computationally demanding for inclusion of small 
scale physics. 
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An extremely powerful alternative is the Boundary Integral 
Method

 Reduces the dimension of the problem by one.

 Semi-analytical and thus highly accurate.

 For homogeneous and planar cracks, the Green’s 
function is known in a closed form and the space 
convolution may be carried out in the Fourier domain
which is computationally efficient.

 Adaptive time-stepping can be used to span huge 
time-scales (Lapusta et al., 2000). This paves the path 
to earthquake cycle simulations. 

However, it only works for linear media.
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BOUNDARY INTEGRAL 
METHOD

An extremely powerful alternative to FD is the Boundary 
Integral Method.

 2-D anti-plane framework

 Fault plane coincides with the x-z plane 

 All particles are moving in the z direction

 The only nonzero displacement is 
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There are two versions of spectral algorithms: 
 independent spectral formulation
 combined spectral formulation

± ± ±

± ±

± ± ±

where,  

BOUNDARY INTEGRAL 
METHOD-CONT’D
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BOUNDARY INTEGRAL 
METHOD-CONT’D

where,

± ± ±
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BOUNDARY INTEGRAL 
METHOD-CONT’D

± ± ± ± ±
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 We can’t use Lapusta et al. 2000 formulation 
directly in our problem

- Our medium has nonlinearities.

- Our faults (or shear bands) may be non-planar.

 Finite element or finite difference everywhere is 
computationally prohibitive. 

 Dynamic adaptive mesh refinement is an elegant 
solution but a daunting task!

How can we model earthquake cycles while 
maintaining high resolution fault zone nonlinear 
physics?

laboratory

10



INTRODUCING A HYBRID METHOD

METHODOLOGY:

1. Enclose the near-fault 
inhomgeneities in a virtual strip.

2. Discretize the strip using 
FD/FEM. 

3. Model the elastodynamic 
response of the two halfspaces 
by an Independent Spectral 
Formulation using equations 
from before.

4. Couple the strip and the 
halfspaces with the 
appropriate boundary 
conditions (two way coupling 
similar to DTN maps).
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HYBRID METHOD-CONT’D
 This is not just an absorbing boundary condition.

 It works for dynamic, quasi dynamic and even static 
simulations.

 It does not suffer from the typical shortcomings of 
Boundary element-finite element coupling 
approaches.

 The spectral approach makes convolution 
computation much more efficient.
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TEST PROBLEMS

 Slip-weakening crack with a low-velocity fault zone

 Slip-Weakening Crack with Plasticity
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Slip-weakening crack with a low-
velocity fault zone

Model setup for antiplane fault embedded in a low velocity zone. (a) 
Configuration of the problem in the Hybrid method. (b) Configuration 
of the problem in the Finite Difference method.
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Evolution of slip on the fault plane every 31 milliseconds showing 
excellent agreement between the two methods. 
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Displacement along the virtual boundary S+ every 31 milliseconds 
showing indistinguishable results from the two approaches.
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Displacement time history plots of a point at the middle of 
the fault (top) and at the middle of the boundary (bottom)
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Convergence with mesh refinement: the difference between 
the two methods further decreases with increasing mesh 
resolution.



Slip-Weakening Crack with 
Plasticity

Model setup for antiplane fault embedded with off-fault plasticity. (a) 
Configuration of the problem in the Hybrid method. (b) Configuration 
of the problem in the Finite Difference method.
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FINITE DIFFERENCE SCHEME
• We use a traction at split node 

method (TSN) with a staggered grid 
as shown in the following figure.

• An artificial viscosity is also 
Introduced and the hourglass 
effect is included to reduce 
instabilities and oscillations.  
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Evolution of slip on the fault plane every 35.2 milliseconds showing 
excellent agreement between the two methods.
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Displacement along the virtual boundary S+ every 35.2 milliseconds 
showing indistinguishable results from the two approaches.
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Time history for  displacement at point A (top) and 
displacement at point B (bottom). 



Convergence with mesh refinement: the difference between 
the two methods further decreases with increasing mesh 
resolution.
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Spatial distribution of the plastic strain for the Finite Difference 
Method.



26

Spatial distribution of the plastic strain for the Hybrid Method.



CONCLUSIONS/FUTURE WORK
 The new hybrid method has proven to be successful in 

modeling a number of fundamental dynamic 
problems —from volumetric sources in linear elastic 
media to cracks embedded in a continuum with 
heterogeneities with no artificial reflections. 

 This method will provide us with an efficient tool to 
study 

 nonplanar faults, 

 faults with plasticity or multiple cracks.

 earthquake cycles for bulks containing 
heterogeneities, and

 small-scale physics under dynamic condition within 
large scale simulations.
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