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Outline 
•  Review of single-event dynamics of complex faults 
•  Motivations to multi-cycle dynamics 
•  A 2D multi-cycle model &its application to a real fault system 
•  Efforts to develop 3D multi-cycle dynamic methods for 

geometrically complex faults 
– EQdyna + Dynamic relaxation (FEM): Bin Luo 
– EQdyna + EQquasi (FEM): Dunyu Liu 



Review of single-event dynamics 
•  Classical 2D 

models 
–  Stepover: e.g., 

Harris and 
Day (1993), 
Lozos et al. 
(2011) … 

– Branch: e.g., 
Kame et al. 
(2003) … 

– Bend 
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Fig. 6. Case A. Summary (map view) of the results from 20 simulations of fault steps in left-lateral shear. Table 1, 
Case A lists the variables used in this simulation. For each simulation only two faults exist, as depicted in Figure 2. 
Fault 1 is drawn with a heavy dark line. The rupture first reached the end of fault 1 at 2.9 seconds. All of the fault 
2's are shown by the light parallel lines. Faults with positive stepover widths are dilational steps, negative stepover 
widths are compressional steps. Each solid circle indicates the point where a fault 2 is initially triggered. The 
times to the right of the figure are the trigger times for each fault 2. The parameter S is defined in equation (1) 
in the text. 

the normal stress field in the medium were perturbed by 
the propagating rupture on the first fault segment, rupture 
occurred on the second segment where and when the initial 
shear stress (•'o) plus the change in the shear stress (/k•-(t)) 
exceeded the static coefficient of friction (/z) times the initial 
normal stress (Crno) plus the change in the normal stress 
(/X•(t)): 

(2) 

Therefore rupture could occur when and where the time- 
dependent stress difference, As(t) was less than zero: 

In < o (3) 

Equations (1) and (2) assumed a compressional stress field 
(ano + Aa•(t) < 0) so that the faults remained closed. 

Figure 8 shows As(t) due to rupture of the first fault 
segment using the parameters assigned to case A (Table 1). 
The regions with negative As(t) indicated where a second 
parallel segment could have begun to rupture, if a second 
fault segment had been present in the medium. Until the 
rupture reached the end of the first fault segment, the stress- 
waves were not sufficient to induce rupture on any parallel 
(non-colinear) second fault segment. As time increased, 
the potential rupture region developed then expanded, and 
more distant faults could have been triggered. This time- 
dependent change in the shape of the potential rupture 

region explains the time-dependent rupture node pattern 
observed in Figure 6. The dynamic single-fault study 
also elucidated another significant detail [P. $pudich, pers. 
comm., November 1990]. The time-dependent stress-field, 
which was generated by the propagating rupture on the first 
fault segment, would not permit the rupture to jump to a 
second parallel (noncolinear) fault segment before it reaches 
the end of the first fault segment. 

Assumptions 

We have presented the results from two-dimensional finite- 
difference simulations of spontaneous rupture propagation 
across fault steps. The simulated faults were vertical strike- 
slip faults set in an otherwise linearly-elastic medium. There 
were many assumptions incorporated in the models, and 
these will now be discussed. 

The most significant assumption is that one can even 
apply two-dimensional models to 'real' faults. Obviously 
a two-dimensional model is not ideal; however, since this 
problem had not been previously solved in two dimensions, 
at the very least this was a very useful exercise. The two- 
dimensional modelling will be a benchmark for comparison 
with future three-dimensional models [Harris and Day, work 
in progress] of rupture propagation across fault steps. Most 
importantly though, it appears that the two-dimensional 
models do perform a good job of predicting how some 
observed geometrical parameters such as stepover width and 

the jump; the second rupture front is distinguishable as a
peak in slip velocity to the right of the corner. The junc-
tion between the nucleating segment and the linking seg-
ment always experienced slip, and critical patch size on
the linking segment was always reached, as unclamping
makes extensional cases more dynamically favorable for
rupture. Rupture did not necessarily reach the right corner
in all extensional cases, as static unfavorability (due to
misalignment of the linking fault with the static stress
field) outweighed dynamic favorability for steeper angles
and longer lengths.

5. Figure 3e shows graphs of rupture on a 20°-compres-
sional stepover with a 3 km linking segment. They high-
light a final characteristic behavior that occurred in both
extensional and compressional cases, in systems where
the main rupture front stopped propagating within a very
short distance of the next segment, leaving the shear
stress quite close to the yield stress. When the bilateral
rupture on the nucleating segment hit the left edge of that
segment, a small stopping phase wave propagated right-
ward back along the fault. This phase, which manifests as
a small peak in slip velocity, is circled in green in the first
graph. When this phase reached a stalled rupture front as
described previously, it was sometimes energetic enough
to restart the rupture after a lag time of several seconds.
The second graph shows the stopping phase approaching
the stalled rupture front; note how it has intensified rela-
tive to the first graph. In compressional cases, this meant
initiating a jump from the linking segment to the far seg-
ment, as indicated by the two peaks in slip velocity in the
third graph; in most of these cases, the rupture proceeded
down the rest of the far segment, but in some, critical
patch size was not reached on the far segment after the
jump, and the rupture stopped again. In extensional cases,
the stopping phase wave caused stalled rupture fronts to
proceed from the linking segment to the far segment
without any jumping.

The results of this parameterization are displayed in
Figure 4. These are plots of the length of the linking segment
versus the stepover angle, for both compressional and exten-
sional cases. Each symbol represents a single model and is
color-coded depending on the rupture behaviors described in
Figure 3. Both plots show distinct regions of rupture beha-
vior in stepover angle-linking segment length space. The
shallower the stepover angle, the less of an effect the length
of the linking segment had on rupture propagation. For
extensional cases (Fig. 4a), stepovers with angles of less than
34° will always fully rupture, regardless of the length of the
linking segment; in compressional cases (Fig. 4b), angles of
less than 18° do not inhibit rupture. This highlights one key
result of this study: that, for these stress assumptions, exten-
sional stepovers will rupture through a wider range of angles
than compressional stepovers will. Unsurprisingly, the short-
er the linking segment, the less of an effect the stepover angle
has on rupture propagation. In the extensional and compres-

sional cases with the shortest linking segments (500 m), no
stepover angle was steep enough to inhibit rupture propaga-
tion (though, in the steepest compressional cases, rupture
jumped from the nucleating segment to the far segment with-
out rupturing the linking segment). For linking segments
longer than 500 m and stepover angles larger than the thresh-
old in both extensional and compressional cases, both vari-
ables participate in controlling rupture behavior.

There is a clear dependence on whether rupture
progresses smoothly or whether it jumps from segment to

Figure 4. Parameterization charts for rupture behavior in basic
case extensional and compressional stepovers. Each symbol repre-
sents one numerical model. Note that both the angle and the width
of stepover affect rupture behavior. Both small angles and short
stepover lengths facilitate full propagation. Also note the asymptotic
curve marking the boundary between different behaviors on both
charts.
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Figure 10. Diagram of final rupture traces in the vicinity of the intersection for cases with high
inclination of Smax, ! = 56 !. Lstop indicates the length of arrested rupture once dynamically nucleated;
those are given in terms of the slip-weakening zone size R0 for low-speed rupture along the main fault.
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•  Some 3D models: e.g., Harris et al. (2002 ), Oglesby et al. (2003) 
248 R. A. Harris, J. F. Dolan, R. Hartleb, and S. M. Day

Figure 3. (a) Location of the 1999 İzmit earthquake rupture in Turkey is shown by the
dashed gray fault segments (figure is modified from Barka, 1999; Parke et al., 1999; Kusçu
et al., 2000; Okay et al., 2000). The eastern solid dark gray fault segment shows the part
of the North Anatolian fault that ruptured in the November 1999 M 7.2 Düzce earthquake.
The western solid dark gray fault segment striking toward Istanbul is called the Princes
Island strand of the North Anatolian fault. This portion of the fault probably did not rupture
in 1999. The question mark indicates that we do not know exactly how the Karamürsel fault
segment connects to the Princes Island strand. H. Penninsula is the Hersek penninsula. The
squares show locations of cities. (b) We use a simplified version of the coseismically active
fault trace mapped by the geologists and inferred by the geodesists (Fig. 3a) and assume
that the faults are primarily west–east-trending and extend vertically from the Earth’s surface
down to 15-km depth. The Karadere segment is assigned a 22.5! change in strike from the
other faults to the west. The simulated earthquake nucleates on the Sapanca segment, at
9-km depth, following the seismological observations.

recorded both before and after the earthquake indicate that
the rupture stopped at or east of 29.5! longitude, the location
of the Hersek delta (Reilinger et al., 2000b), or maybe con-
tinued 10–15 km farther west, but with less than 2 m of slip
(Reilinger et al., 2000a; Wright et al., 2001).

Preliminary seismological models of the İzmit earth-
quake based on a local network that recorded the earthquake
have placed the hypocenter of the earthquake at about 9 km
depth, just east of the İzmit Bay at 29.955! latitude, 40.724!
longitude (M. Aktar, personal comm. to Bill Ellsworth, 15
February 2000), so this is where we nucleate our simulated

earthquake. In our first simulations we set the initial prin-
cipal stress conditions to be equal for all of the fault seg-
ments. Subsequently, we examine heterogeneous conditions.

Results

We tested a variety of initial stress conditions, as the
actual values are not known in the Earth’s crust (Table 1).
We start with homogeneous initial stress conditions, loosely
based on those suggested by McGarr (1984) for midcrustal
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Figure 2. Fault geometry used in the dynamic
models. (a) Map view of fault geometry. Segment
names are identified, with the preferred hypocenter
marked with a star. The letters denote a set of refer-
ence points along the fault system. (b) Map view of
finite-element mesh used in dynamic models. Fault
segments are shown in white.

cluding the effects of different shear and normal stresses due
to their different orientations with respect to the tectonic
stress field, (3) experimenting with different hypocenter lo-
cations and different stress distributions to explore the sen-
sitivity of the results, and (4) using a time-dependent cou-
lomb stress analysis to gain insight into the conditions under
which rupture is favored to propagate to the northwest
branch. We find that the main prediction of Li et al. (2002b)
is validated: the fact that slip on the northern branch did not
propagate to the surface causes the near-surface region of
the northwest branch to be brought closer to failure, allowing
the earthquake to rupture both branches instead of just the
north branch. We also find that the results are highly insen-
sitive to details of hypocentral location and stress pattern.
An additional result is that it may be much more difficult
for ruptures to jump segment boundaries at depth than near
the surface.

Methods

We use the 3D explicit finite-element method (Whirley
and Engelmann, 1993; Oglesby, 1999) for our dynamic
faulting models. Faults are modeled as planes of split nodes
with zero width. Forces and displacements are calculated
directly on these split nodes, and the fault segments can have
arbitrary orientation in space. Our fault constitutive law util-
izes a coulomb friction law for the shear stress s and a linear
slip-weakening relationship (Ida, 1972; Andrews, 1976) for
the coefficient of friction l:

|s| ! !lr , (1)n

where

s
l " l ! (l ! l ) (s ! d ),static static sliding 0! "d0 (2)
l " l (s ! d ),sliding 0

s is the magnitude of the slip (displacement discontinuity)
vector across the fault, s is the shear stress across the fault,
rn is the effective (total normal stress minus pore fluid pres-
sure) normal stress across the fault (negative in compres-
sion), and d0 is the critical slip-weakening distance. Since s,
s, and rn can vary with time, this relatively simple friction
law can lead to quite complicated dynamic behavior when
fault geometry is complex.

The modeled fault geometry is shown in Figure 2a, and
the corresponding finite-element mesh is shown in Figure
2b. For simplicity, the fault segments are all vertical, and
the material is a homogeneous half-space. We use a simple
material structure in order to isolate the aspects of the Hector
Mine event that are attributable to fault geometry alone.
More accurate models with inhomogeneous material struc-
ture are being developed as part of the larger research project
of this group. The finite-element model region is embedded

in a much larger buffer region (roughly 60 km in radius) to
eliminate artificial reflections from the edges of the finite-
element mesh. In our preferred model, nucleation takes place
4 km north of the northern segment junction, at a depth of
7.5 km. Nucleation is accomplished by bringing nodes to
their failure stress inside a nucleation zone of radius 3 km.
Inside this zone, the rupture is forced to propagate at a speed

Heterogeneous 
initial stress is 
needed to 
reproduce 
actual 
ruptures! 



Motivations for Multi-Cycle Dynamics of Complex Faults 

•  Need of initial stress fields that are consistent with fault geometry and 
faulting history for dynamic rupture models 

•  Earthquake simulators on realistically complex faults with fully 
dynamics included 

•  Assimilate big data of observations associated with earthquakes, 
including coseismic, postseismic, interseismic (&nucleation?) 



A 2D Multi-cycle Dynamic Model of Complex faults 
•  Duan and Oglesby (2005, 2006, 2007) 
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Collaborative Research: Controls on Termination of Great Strike-Slip Earthquakes 

in a Restraining Double-Bend of the Altyn Tagh Fault 

1. Introduction 
Understanding how fault geometry and the history of prior events both affect earthquake 

ruptures is needed to forecast the ensemble of large earthquakes that may occur across a fault 

system.  For example, recent great (Mw~8) strike-slip earthquakes demonstrate the importance of 
understanding fault interaction in zones of structural complexity. Both the 2002 MW7.9 Denali, Alaska 
and the 2001 MW8.1 Kokoxili, China earthquakes initiated as subevents on dip-slip faults in stepover 
zones (Antolik et al., 2004; Haeussler et al., 2004; Ozacar and Beck, 2004). It is also often the case 

that strike-slip earthquake ruptures halt in stepovers or fault bends (Wesnousky, 2006; Elliott et al., 
2009a). Mechanical analysis indicates pre-existing stress heterogeneities likely control both the 
nucleation and termination points of large earthquakes by favoring rupture initiation where deviatoric 

stress is high, and ending ruptures where either shear stress is low or where normal stress 
increases the frictional resistance to sliding (Scholz, 2002). Heterogeneous residual stress fields 
may be especially pronounced at bends, stepovers, or where neighboring faults interact. Recent 2-D 

modeling of dynamic ruptures by Duan and Oglesby (2005; 2006) suggests that stress 
heterogeneities due to fault bends and neighboring structures may produce semi-regular groups of 
earthquakes that terminate at predictable locations (Fig. 1).  

The Problem: Although models of dynamic rupture are regarded as theoretical predictors of 
realistic fault behavior, and are already in use for seismic hazard calculations (Olsen et al., 2008, 
2009), they have not been tested in detail against geological observations. Because it is not possible 
to directly measure the stress field, we must compare the geologic record of fault behavior against 

synthetic histories produced by numerical models if we are to identify the variables that control the 
termination of earthquake ruptures.  

Here we propose a collaborative 

investigation that integrates field observations with 
numerical modeling of dynamic ruptures over 
multiple seismic cycles to test how great 

earthquakes terminate within (or, possibly, rupture 
through) the Aksay bend along the left-lateral Altyn 
Tagh fault (ATF), located in Gansu Province, China 

(Fig. 2). This structurally isolated, ~200 km-long 
geometric complexity along the 1500 km-long Altyn 
Tagh fault system presents an ideal setting to probe 
the effect of fault geometry on earthquake behavior. 

The Aksay bend comprises two parallel sinistral-
oblique fault strands separated by 5-15 km across 
strike, which together form a restraining double-

bend. Both strands strike more easterly (090°) within 
the Aksay bend relative to the regional strike of the 
Altyn Tagh fault (072°) (Fig. 2). 

Hypothesis: Based on our preliminary field 
observations of fault activity and theoretical 
modeling of fault bends, described below, we 

hypothesize that most ruptures entering the Aksay 
bend lose energy and eventually terminate due to 
high fault-normal stresses resulting from the change 

in fault orientation within the bend.  
Testable Predictions: Inspired by the 

numerical rupture modeling results (Fig. 1), we 
predict that slip-per-event, the number of events, 

and the late Quaternary slip-rate of each fault strand 

Figure 1: Modeled slip distributions for 
multiple earthquake cycles on a bent fault, 
from Duan and Oglesby, 2005. Top panels 
show map of modeled fault. Residual shear 
stresses from earthquakes 1 and 3 allow the 
bent fault segment to rupture in earthquakes 
2 and 4. Residual stress from earthquake 2 
promotes a spike in slip and further 
propagation of earthquake 4 into the bent 
segment. Although the entire fault ruptures 
in this sequence, both the frequency of 
events and slip per event decrease into the 
bend.�

1050060



A 2D Model of the Aksay Bend along the Altyn Tagh Fault 

•  Fault geometry 
•  Preliminary results 

 

Fig 2. Fault geometry of the Askay bend and the tectonic loading direction (the maximum 

shear strain rate direction). The Aksay bend is a restraining double bend in the left-

lateral ATF system. Controlling points in Fig 1 are used to generate smooth fault 

geometry by the natural cubic spline function (solid curves), which matches well the 

linear interpolation (dashed lines) of the controlling points but removes sharp kinks in 

fault geometry. The tectonic loading direction is parallel to the regional strike, which 

is set to be the x-axis direction in our models. (a) Fault geometry with exaggeration in 

the y direction to show details of secondary complexities (i.e., local undulations) in 

fault geometry. (b) Fault geometry with the same scale in the x- and y- directions to 

show actual fault geometry. 
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Duan et al. (2018), to be submitted. 



Developing 3D Multi-Cycle Dynamic Methods 
•  Extensions of our dynamic FEM code EQdyna: 

–  Implement rate- & state- friction laws of various forms: Bin Luo 
–  Implement PML and coarse-grain Q modeling: Dunyu Liu 

•  New developments: 
– Adaptive dynamic relaxation (DR) for quasi-static processes of 

earthquake cycles with dynamic code EQdyna: Bin Luo 
– Develop quasi-static FEM solver and integrate with EQdyna: Dunyu 

Liu  



Study I:  Spontaneous Dynamic Rupture Simulation 
on Geometrically Complex Faults Governed by 
Different Friction Laws 
 

Bin Luo and Benchun Duan, 2018, in revision 



Various Friction Laws 
•  Slip-weakening 

•  RSF Aging law 

•  RSF Slip law 

•  RSF Flash Heating 

 
𝜇 = 𝜇𝑠 + (𝜇𝑠 − 𝜇𝑑)min (

𝛿
𝑑0
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characteristic slip distance for the exponential healing process after a velocity stepping; 𝑓0 is a 146 

reference friction coefficient associated with a reference steady state slip rate 𝑉0 . Here state 147 

variable 𝜃 is a description of sliding history and evolves according to various evolution laws.  148 

Since 𝜇 is not defined at 𝑉 = 0 in this classic form of RSF, a modified form is proposed 149 
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𝑉
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, (12) 

Both the RS-A and RS-S laws are proposed to describe the friction behavior observed at 156 

low slip rates in laboratory experiments. However, earthquake ruptures on the fault interface 157 

involve high slip rates at which microscopic asperities in the thin slip zone may experience 158 

transient heating that thermally weakens the frictional strength. A modified model based on rate- 159 

and state-friction to better fit this flash heating phenomenon is proposed [Rice, 1999; 2006; Beeler 160 

et al., 2008] and applied in rupture modeling [e.g. Rojas et al., 2009; Ryan and Oglesby, 2014].  161 

In this model, the steady state friction coefficient defined in the RS-S law is retained for low slip 162 

rate condition and is renamed low velocity steady state friction coefficient 𝑓𝐿𝑉. A new steady state 163 

friction coefficient is defined as: 164 
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)
8
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(13) 

where 𝑓𝑤 is the weakened state friction coefficient and 𝑉𝑤 is the characteristic weakening velocity. 165 

This modified form of RSF introduces strong velocity weakening when velocity is at high levels. 166 
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where 𝑓𝑤 is the weakened state friction coefficient and 𝑉𝑤 is the characteristic weakening velocity. 165 

This modified form of RSF introduces strong velocity weakening when velocity is at high levels. 166 
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Large-scale Geometrical Complexity 

We use the 3-D finite element code EQdyna to perform a series of dynamic rupture simulations governed by 
various friction laws on a three-dimensional subduction fault model with local non-planar bumpy geometry.  



Rupture Behavior 

Height 
(m) SW RS-A RS-S RS-

FH 

300 A A A A 

600 C B B B 

900 C C B B 

Rupture Type Classification 
 



 
Study II:   Three-dimensional Earthquake Cycle 
Simulation on Rate- and State-dependent Dip-slip 
Faults 
 

Bin Luo and Benchun Duan, 2018, In Preparation 



•  An ideal earthquake cycle simulation attempts to 
reproduce a series of different faulting behavior: 
interseismic, nucleation, coseismic and postseismic. 

•  The coseismic period: dynamic rupture process
•  The interseismic, nucleation and postseismic periods: 

slow tectonic loading processes assumed to be quasi-
static.

Scholz, 1998 

Earthquake Cycle 



Adaptive Dynamic Relaxation Adaptive Dynamic Relaxation
• The main idea of dynamic relaxation is that the long-term limit of a damped 

dynamic solution reaches the quasi-static solution of given initial and 
boundary conditions. 

• DR introduces a mass damping factor 𝛼 to the FEM matrix form of the 
equations of motion in continuum mechanics:

• The best choice of 𝛼 is:

where 𝜆𝑚𝑖𝑛, 𝜆𝑚𝑎𝑥 are minimum and maximum eigenvalues of matrix 𝐌−1𝐊.

𝐌𝑎𝑡 + 𝛼𝐌𝑣𝑡 + 𝐊𝑢𝑡 = 𝐹𝑡

𝛼𝑜𝑝𝑡 = 2
𝜆𝑚𝑖𝑛𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛 + 𝜆𝑚𝑎𝑥



Dynamic Relaxation Verification 

z=D 

x 

Savage and Prescott, 1978 

𝑣 −𝑣 
Locked  
zone 

z 0.2𝑇 

0.8𝑇 

0.6𝑇 

0.4𝑇 

𝑇 

Dynamic Relaxation Verification

z=D

x

𝑢 𝑥, 0, 𝑡
2𝑣𝑡 = ±

𝑛
2 +

𝑡 − 𝑛𝑇
𝜋𝑇 tan−1

𝑥
𝐷

Savage and Prescott, 1978

𝑣−𝑣
Locked 
zone

z 0.2𝑇

0.8𝑇

0.6𝑇

0.4𝑇

𝑇



Moment Rate Function 

Comparison of moment rate functions of earthquake sequences on thrust faults with different dipping angles.  



Study III:   Three-dimensional Earthquake Cycle 
Simulation on a Rate- and State-dependent  
Non-planar Subduction Plane 

Bin Luo and Benchun Duan, 2018, In Preparation 



Subduction Fault Model 

•  A thrust fault is embedded in a finite element model
•  The dynamic model uses PML to absorb seismic waves
•  The quasi-static model uses boundaries with assigned loading velocity 

15˚ 
VS VW 

Loading Area 

300 km 

150 
km 

velocity weakening 
a-b<0 

velocity strengthening  a-b>0 



Non-planar Fault Geometry 



Earthquake Sequence on Non-planar Fault 
a b 

c 

d e 

f 
g h 
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a b c-0 

d e f-0 

g h i-1 

c-1 c-2 

f-1 f-2 

i-0 j 

j 



Study IV:   A 3D Multicycle Method Integrating Quasi-
static FEM and EQdyna for Complex Faults 

Dunyu Liu and Benchun Duan, 2018, In Preparation 



1. 𝑛 = 5, 𝑑𝑡 = 0.01 𝑠
2. Aging law 

EQquasi
𝐊𝐔𝑡+1 = 𝐅𝑡+1

EQdyna
𝐌𝐀𝑡+1 + 𝐊𝐔𝑡+1 = 𝐅𝑡+1

𝒅𝒕𝒆𝒗 < 𝒏 ∗ 𝒅𝒕

Slip, slip-rate, 
state variable, 
stresses.

First trial: ෨𝐅 = 𝐊෩𝐔𝑡+1, where ෩𝐔𝑡+1 =
𝐔𝑡 + 𝐕𝑡𝑑𝑡

ሚ𝑓𝑖
= 𝐴𝑟𝑒𝑎 ∗ 𝑇𝑐𝑡+1 ෨𝑉𝑖

𝑡+1, 𝜑𝑡+1 − 𝑇0𝑡+1

After 100 s

Second trial: ෨෨𝐅 = 𝐊෩෩𝐔𝑡+1, where ෩෩𝐔𝑡+1 =
𝐔𝑡 + (𝐕𝑡+෩𝐕𝑡+1)𝑑𝑡/2

ሚ𝑓𝑖
= 𝐴𝑟𝑒𝑎 ∗ 𝑇𝑐𝑡+1 ෨෨𝑉𝑖

𝑡+1
, ෨𝜑𝑡+1 − 𝑇0𝑡+1

𝐔𝑡+1 = ෩෩𝐔𝑡+1， 𝐕𝑡+1 = ෩෩𝐕𝑡+1

𝛗𝑡+1 = ෩𝛗𝑡+1

(Lapusta et al, 2000)

EQquasi

• Features:
• Traction-at-split-nodes;
• 3D fully integrated hexahedral element;
• Implicitly solved;
• MUMPS (MUltifrontal Massively Parallel sparse direct Solver).



Strike-slip Fault with a Bend 

•  10° smooth bend 

10 ° 

The fault is 60 km by 30 km.  
The yellow velocity weakening region is 
30 km by 15 km. The white region is 
velocity strengthening.  



Accumulated slip 
of the bent system 

•  The kink serves as a 
strong barrier to 
dynamic ruptures. 
The behavior could 
be associated with 
initial stresses, 
sliprates and state 
variables. 



Concluding Remarks 
•  Initial stresses that are consistent with fault geometry and 

faulting history need multi-cycle dynamic simulations. 

•  We have been developing two earthquake simulators that 
include spontaneous rupture for realistically complex faults  
based on FEM methods. 

•  The new verification excise will help build confidence of the 
community on earthquake cycle simulation studies.  


