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Abstract
Numerical simulations of Sequences of Earthquakes and Aseismic Slip (SEAS) have made 
great progress over past decades to address important questions in earthquake physics and 
fault mechanics. However, significant challenges in SEAS modeling remain in resolving 
multiscale interactions between aseismic fault slip, earthquake nucleation, and dynamic 
rupture; and understanding physical factors controlling observables such as seismicity and 
ground deformation. The SEAS modeling community has developed the first suite of 
code-verification exercises to verify and advance these simulations with rigor, reproducibil-
ity, and broadened impact. The first two benchmarks (BP1 and BP2) were our first effort to 
test the capabilities of different computational methods in correctly solving a mathematical-
ly well-defined, basic problem in crustal faulting. BP1 and BP2 consist of a 2D antiplane 
problem, with quasi-dynamic earthquakes recurring on a 1D planar vertical strike-slip fault 
obeying rate-and-state friction, embedded in a 2D homogeneous, linear elastic half-space. 
Our most recent exercises (BP1-FD and BP3) extend this problem to include full dynamics 
and 3D effects, respectively.  For BP1-FD, comparisons of >15 simulation results from 5 
groups using different numerical methods, show excellent agreements in long-term and co-
seismic evolution of fault properties. We found that the truncated domain boundaries influ-
ence interseismic fault stressing, earthquake recurrence, and coseismic rupture process, 
with agreement between models only achieved when model domain size is >5 times the 
seismogenic depth. For BP3, >20 simulation results from 4 modeling groups showed that 
recurrence intervals are affected by different computational domain sizes and possibly the 
choice of time-stepping method. Earthquake nucleation on the fault with uniform frictional 
properties is particularly sensitive to numerical resolution and schemes, leading to varying 
nucleation location and rupture directions. However, we did find good agreement in the 
size and recurrence of earthquakes among simulations with adequate discretization and 
model domain sizes that provide comparable boundary conditions, despite variability in 
nucleation and rupture processes. The complexities in 3D problems underscore the need of 
better strategies for benchmark design and code comparison. These results inform the de-
velopment of more advanced SEAS models, contributing to our understanding of earth-
quake system dynamics.
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Figure 2: BP1-FD con-
siders a planar fault 
embedded in a homo-
geneous, linear elastic 
half-space with a free 
surface and full elasto-
dynamics.  The fault is 
governed by 
rate-and-state friction 
down to the depth W_f 
and creeps at an im-
posed constant rate 
Vpdown to the infinite  
depth.  The simulations  
will include the nucle-
ation, propagation, and 
arrest of earthquakes, 
and aseismic slip in the 
post- and inter-seismic 
periods.
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Table 1: Details of participating SEAS codes and modeling groups

Fault constitutive relation: where

State evolution (aging law): 
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Critical length scales: 
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Figure 3: BP4 considers 3D 
motion with a planar fault 
embedded vertically in a ho-
mogeneous, linear elastic 
whole-space.  The fault is 
governed by rate-and-state 
friction in the region −W_f ≤ 
x3 ≤ W_f, outside of which it 
creeps at an imposed constant 
horizontal rateVp.  There is a 
velocity-weakening patch 
(green), surrounded by a tran-
sition zone (yellow) of width 
h to velocity-strengthening 
(blue).

Figure 1: Online platform for the SEAS working group. (Left) Home page for our web-
site: https://strike.scec.org/cvws/seas/. (Top right) Currently available benchmarks. (Bottom 
right) Examples of BP1 model submissions.

NAMING CONVENTION:  Note that the modeler name refers to the member of the mod-
eling group who uploaded the data to the platform for simulations done by the group.
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Figure 11:  BP3-FD (dynamic) and BP3-QD 
(quasi-dynamic) consider a planar, dipping fault 
embedded in a homogeneous, linear elastic 
half-space with a free surface where motion is 
plane-strain. 

Figure 12:  BP4 considers 3D motion with a planar 
fault embedded vertically in a homogeneous, linear 
elastic half-space. The fault is governed by rate-and-state 
friction in the colored region, outside of which it creeps at 
an imposed constant horizontal rate V_p (gray). The ve-
locity-weakening region (the rectangle in light and dark 
green) is surrounded by a transition zone (yellow) to ve-
locity-strengthening regions (blue). 

Codes based on BEM show qualitative agree-
ment, with convergence to periodic events with 
sufficiently large domain size and cell size 25 m.  

Discrepancies with volume method (SEM) likely 
related to choices in computational domain size. 
Need to do more exploration of dependencies on 
computational domain sizes. 

Good matches between BEM models with a 
25-m cell-size, poorer matches between models 
with a 50-m cell-size.

Full dynamics yields higher peak values in sur-
face shear stress and slip rate, faster rupture 
speeds, longer recurrence times, and more slip.

Good overall agreements in models with a cell size = 1 km.

Variability in nucleation locations due to subtle difference in interseis-
mic loading.

Direct comparison for local time series is complicated by some event 
variability.

CAVEATS: cohesive zone is resolved by 2 cells & tests on one domain 
size.

Need more simulations for more informed comparisons.

Recurrence intervals in SBEM models affected by different computa-
tional domain sizes, time stepping, and others.

Self-convergence of BEM models with decreased cell sizes & increas-
ing domain sizes.

Nucleation locations appear more sensitive.

Earthquake characteristics agree well despite variability in rupture direc-
tion & nucleation processes.
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Table 1: Parameter values used in BP1-FD
Parameter Definition Value, Units

ρ density 2670 kg/m3

cs shear wave speed 3.464 km/s
σn effective normal stress on fault 50 MPa
a0 rate-and-state parameter 0.010

amax rate-and-state parameter 0.025
b0 rate-and-state parameter 0.015
L critical slip distance 0.008 m
Vp plate rate 10−9 m/s
Vinit initial slip rate 10−9 m/s
V0 reference slip rate 10−6 m/s
f0 reference friction coefficient 0.6
H depth extent of uniform VW region 15 km
h width of VW-VS transition zone 3 km
Wf width of rate-and-state fault 40 km
∆z suggested cell size 25 m
tf final simulation time 1500 years

Figure 4: Cumulative slip profiles plotted for BP1-QD (left) and BP1-FD (right) in blue contours every 
year during the interseismic period and in red every second during coseismic rupture.  

Figure 5: Time series from BP1-FD of slip rates across modeling groups. Discrepancies due to computatinal domain size 
choices of volume method (thakur.4) resolved by taking larger size. 

Figure 6: Coseismic time series from BP1-FD of shear stress across modeling groups for the 4th event in the sequence at (a) z  = 0 and 
(b) z = 7.5 km depth. (c) Cosieismic time series of full dynamic (BP1-FD) versus quasi-dynamic (BP1-QD) at (c) z = 0 and  (d) z = 7.5  
km depth.

(a)

(b)

(c)

(d)

Figure 7 (left): Cumulative slip profiles plotted for 
BP3 (left: jiang, right: lambert) in blue contours 
every year during the interseismic period and in red 
every second during coseismic rupture, showing dis-
crepancies in nucleation location.  

Figure 8 (above): Time series of maximum slip rate 
for BP3. Discrepancies linked to possible effects of 
different time stepping.

Figure 9 (left): 
Time series of hor-
izontal and maxi-
mum slip rate for 
BP3 for one model-
ing group with de-
creasing cell size 
showing self-con-
vergence 

(rupture duration) (earthquake moment) (stress drop) Figure 10 
(left): Earth-
quake catalogs 
for BP3 show-
ing (left) rup-
ture duration 
(middle) earth-
quake moment 
and (right) 
stress drop for 
different mod-
eling results.  
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BP3:
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Table 1: Parameter values used in BP4
Parameter Definition Value, Units

ρ density 2670 kg/m3

cs shear wave speed 3.464 km/s
ν Poisson’s ratio 0.25
a0 rate-and-state parameter 0.0065

amax rate-and-state parameter 0.025
b0 rate-and-state parameter 0.013
σ̄n effective normal stress 50 MPa
L critical slip distance 0.04 m
Vp plate rate 10−9 m/s
Vinit initial slip rate 10−9 m/s
V0 reference slip rate 10−6 m/s
f0 reference friction coefficient 0.6
H half-width of uniform VW region 15 km
l length of uniform VW region 60 km
h width of VW-VS transition zone 3 km
Wf half-width of rate-and-state fault 40 km
∆z suggested cell size 500m
tf final simulation time 1500 years
wi width of favorable nucleation zone 12 km
hi distance of nucleation zone to SZ boundary 1.5 km
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