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FASTDASH: 3D earthquake cycle 

simulation using the boundary element 

method accelerated by H-matrices



Fault systems are inherently complex in geometry

Fault Geometrical Complexities 
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(Plesch et al., 2007) 

Seismic imaging of the Ecuadorian subduction zone

Multi-fault segments and subparallel faults

(Chalumeau et al. 2024) 
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FASTDASH
FAult SysTem Dynamics: Accelerated Solver using H-mat

• 3D complex fault networks

• Accelerated by Hierarchical matrices

On fault behaviour 

slip rate, shear/normal 

traction, rake angle, etc.

Result

Catalog

magnitude, moment 

rate, duration, stress 

drop, etc.
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Initial stress 

under a uniform 

stress tensor

Loading 

stress rate/plate 

rate loading

Numerical 

parameters 

Hmat &ODE 

solver

Fault geometry

Discretized into triangular or 

rectangular elements

Quasi-dynamic seismic and 
aseismic sequence simulator

Friction law

Rate and state Regularized rate and 

state friction law

(Cheng et 

al.,2025)



Method - Governing Equation

Boundary element method

Friction Normal 

traction

Shear traction 

on the fault

=

Loading
Radiation 

damping

Elastic 

shear 

response Allowing 
rake 

rotation

Time stepping: Runge-Kutta 45 adaptive time step

(Rice, 1993)



Method – Boundary Element Method

Time-consuming



Admissibility 

condition
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Method - Hierarchical Matrices
For a 2D planar fault

Reduce storage of the dense matrix and

accelerate the matrix-vector multiplication

Full matrix
admissible blocks: low rank

inadmissible blocks: full rank

(Börm et al.,2005)

With H-matrices

Size of the blocks Distance



Computational Efficiency and Model Verification

Computational complexity

• Computational complexity of matrix–vector 

multiplication reduced from O(N2) to O(N logN).

• Runtime for 400,000 elements over 500 time steps 

reduced from ~5 days to ~0.5h

Dugdale crack
(Dugdale, 1980, Kelly&Nowell, 2000)

SCEC SEAS 
Benchmark

This method greatly reduces computational cost 
while preserving model accuracy

BP4 (Jiang et al., 
2022)



Benchmark: Sequences of Earthquakes and Aseismic Slip

Quantify the error

Comparison of the timing of maximum slip rate for the first six earthquakes 

computed from different codes.

Parametrical study for Hmat properties
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Fault width

Fault 

length

Distance between two faults
Overlap distance

Two Parallel Faults

Fault interaction

Geometrical 

parameters

(Rubin & Ampuero, 2005; Viesca, 2016)  

(Chen&Lapusta, 2008; Cattania&Segall, 2019) 



Fault behavior is affected by
• Stress interaction from the neighboring fault

• Stress variation due to previous events
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Spatial-temporal Complex Slip Events

Fault 1

Fault 2

m

m
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Fault Interaction Metric

maximum stress 
perturbation on fault 2 

x

y

Notion of Coulomb stress

Stress field induced by a unit stress drop on fault 1

(Scheel et al., 2021)   

Fault 1

Fault 2
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SSE Ratio as a function of fault interaction 
Moment released by 

slow slip events

Total moment released by slow 

slip events and earthquakes

0.05 3

SSEs requiring intermediate interaction strength

too weak → perturbations are insufficient

too strong → evolves into earthquakes. 

a/b = 0.8, W/Lnuc = 2
D/Lnuc = 5, L/Lf = 0.5

a/b = 0.8, W/Lnuc = 2
D/Lnuc = 0.1, L/Lf = 0.5

a/b = 0.8, W/Lnuc = 4
D/Lnuc = 0.1, L/Lf = 0.5

a/b = 0.4, W/Lnuc = 8
D/Lnuc = 0.1, L/Lf = 0.5



Heterogeneous Stress Field due to Fault Interaction 
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(Behr & Burgmann, 

2018)

Slip contour       Friction asperities 

?

Friction can not be measured

Friction asperities are static in space and time

Slip contour       Traction asperities

Ratio of shear traction to normal traction

Hypocenter of the 

the slow slip event

Hypocenter of the 
earthquake

Produced by fault geometry, which can be measured

Traction asperites are dynamic in space and time

Geometrical heterogeneity Frictional heterogenity 



Moment-duration Scaling Law
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Synthetic catalog

(Almakari et al.,2026)

SSE
s

EQ
s



Conclusions

• We developed a 3D quasi-dynamic seismic 
cycle model using Hierarchical Matrices, which 
efficiently solve complex fault geometries.

• With this approach, we explore how 
fundamental geometric complexities of two 
parallel faults control fault interactions. The 
interaction strength is quantified by Λ.

• Our model produced spatio-temporally 
complex slip events, similar to those observed 
in nature.

The 2023 

Kahramanmaraş – 

Türkiye 

Earthquakes
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