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• Background: Bizzarri et al. (2001 GJI); Cocco & Bizzarri (2002 GRL)

• Friction laws in single-event dynamic ruptures of nonplanar faults: 
Ryan and Oglesby (2014 JGR); Luo and Duan (2018 JGR)

• Friction laws in multicycle dynamics of EQ gates: Duan et al (2019, 
Tectonics); Liu and Duan (2019 AGU)

• Concluding Remarks



Background: SW vs. RSF laws

• Slip-weakening friction law (SW)

• Rate- & state-dependent friction laws (RSF)

• Others
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Bizzarri et al (2001)



Background: Equivalence of SW & RSF 
on Planar Faults

• Spatial & temporal evolution of slip rate: 2D model
• Time histories of fault quantities
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Background: Slip-weakening behavior of RSF

• Several phases
• Slip-weakening curve: 

– equivalent D0
– Scaling between D0 and L

Cocco & Bizzarri (2002)

and -weakening clearly exist, and the resulting SW curves are
very similar to the generally adopted classic laws (see Figure 2).
A characteristic SW distance exists also for the R&S friction
formulation [Okubo and Dieterich, 1986]. This is not surprisingly
because the slip increase occurs while total dynamic traction
decreases yielding slip-weakening. The important question is what
controls the SW behavior in the R&S formulation. Our numerical
simulations show that, when the propagating rupture front
approaches the target grid point, the dynamic stress increases
due to the direct effect of friction, although the growth of slip
velocity is quite slow at the beginning (phase I in Figure 2). When
the dynamic traction is reaching its maximum value (the yield
stress) the slip velocity suddenly increases (phase II); this accel-
eration phase begins when the total dynamic traction is close to
the peak yield stress. The subsequent traction drop coincides with
the SW phase and slip velocity reaches its maximum value
(phase III). The acceleration from the initial to the peak slip
velocity is very fast and occurs in an extremely short time.
Finally, the dynamic traction reaches the kinetic friction level
and slip velocity decreases to the new steady state value. The
analysis of the 3D phase trajectories represented in Figure 3
shows that SW occurs when the acceleration stage is already
started. It is the evolution of the state variable within the cohesive
zone that drives the slip acceleration and the fast approaching to
the peak slip velocity. This evolution occurs within the cohesive
zone when the rupture propagation is initiated and fully dynamic;
it has nothing to do with the nucleation process and it happens
well before of the eventual healing phases. It is clear that during
the dynamic slip the total traction depends on slip, slip velocity
and the state variable [Madariaga and Cochard, 1996], although
the adopted constitutive formulation only requires the analytical
dependence on slip velocity and state. Several authors adopted a
rate- and slip-weakening friction in a theoretical way [Madariaga
et al., 1998; Fukuyama and Madariaga, 1998]. We have shown,
however, that hardening effects clearly exist and the state variable
evolution controls the traction behavior and the slip acceleration.

[6] Our numerical results confirm the findings of previous
studies [Okubo, 1989; Guatteri et al., 2001] but rise new
questions and stimulating considerations. SW is intrinsic in
R&S laws, but the characteristic SW distance does not coincide
with L, which is the characteristic length parameter of this
dynamic formulation. We define this slip-weakening distance
resulting from R&S laws as an equivalent value D0

eq. The fast
evolution of slip velocity represents a serious limitation to
retrieve and constrain the constitutive behavior and parameters
within the cohesive zone by inverting recorded seismograms [see
Guatteri et al., 2001]. Attempts in constraining the critical SW
distance by means of dynamic consistent waveform inversions
[Ide and Takeo, 1997; Guatteri and Spudich, 2000], as well as
forward 3D dynamic modeling [Olsen et al., 1997], yield values
larger than 0.2 m. We do not discuss here the required resolution
to constrain the SW distance from recorded seismograms. We
point out, however, that these large values might be caused by
smearing effects due to the lack of resolution of the cohesive
zone dimension. Moreover, if these large values are real, they
would imply nucleation patches ranging between few to tens of
kilometers, sometimes reaching 50% of the whole fault length
[see for instance Voisin et al., 2001]. We have performed many
numerical simulations using different values of L and keeping
constant the others constitutive parameters. The results of these
calculations are shown in Figure 4. The SW curves plotted in
this figure point out the dependence of D0

eq on L: the equivalent
SW distance resulting from the R&S dependent law here
considered is larger than the adopted L value and it increases
for increasing L. Moreover, we emphasize that D0

eq also depends
on the other constitutive parameters a and b, since they control
the yield stress and the kinetic friction. This latter result is not
discussed here in detail because it requires an extensive presen-
tation.
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Figure 1. (a) Spatio-temporal evolution of slip for a 2D in-plane
crack: The gray scale shows the slip amplitudes as a function of
time and spatial position. The black lines depict the cohesive zone
where the total dynamic traction drops from the maximum yield
stress to the kinetic friction (as shown in (b) for a point located at a
distance of 3.0 m, dashed line). The box inserted in panel (a)
depicts a zoom of the cohesive zone: Tc is the duration and Xc is the
spatial extension of the cohesive zone. A SW behavior occurs
within the cohesive zone also when a R&S constitutive law is
adopted and it results very similar to the classical theoretical law
(see panel b). The adopted constitutive parameters are: l = m = 27
GPa, VP = 5196 m/s, VS = 3000 m/s, m* = 0.56, sn = 100 MPa, a =
0.012, b = 0.016, L = 10 mm, Vi = 10 mm/s. They represent the
reference configuration for all simulations presented in this paper.

Figure 2. Total dynamic traction as a function of slip velocity
(a) and slip (b). The first two stages (I and II) correspond to the
slip- and the velocity-hardening behavior. The fast slip acceleration
(II and III) occurs when the dynamic traction approaches the yield
stress and therefore drops to the kinetic friction level (tf). D0

eq is the
equivalent slip-weakening distance. The box in the upper left
corner of (a) shows the total dynamic traction (in a log scale) as a
function of the log(V/V*).
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3.1. A Scaling Law Between L and D0
eq

[7] Although the friction dependence on slip has been proposed
by previous authors in the framework of the R&S dependent laws,
it has not been analytically formulated, at least in a feasible way to
represent the traction behavior within the cohesive zone. Assuming
a nearly constant slip velocity [Dieterich and Kilgore, 1996], the
traction depends on the state variable only and the dependence on
slip can be easily derived. However, such an assumption is
certainly not valid to represent the processes occurring within the
cohesive zone, where slip velocity is very different from being
constant. Our simulations clearly point out that the state variable
evolves within the cohesive zone from its initial value to a new
steady state value (Figure 3). This evolution controls both the
friction increase and decrease and the consequent slip acceleration
and it involves proportionality between D0

eq and L. In order to
obtain a scaling relation between these length parameters, we
assume that the initial and final steady-state values of the state
variable are Ci

ss = L/Vi, and Ci
ss = L/V0, respectively. Here, Vi and

V0 are the initial velocity and its final steady-state value [see
Figure 2]. If slip velocity is large enough to assume that 1/V is
negligible, therefore the integration over slip of the evolution
equation gives C = (L/V ) exp(!!u/L). When !u = D0

eq we have
that C = Ci

ss and therefore we can easily derive the following
relation: D0

eq = L ln(V0/Vi). By substituting these relations in the
steady-state equation for friction, we can derive a relation between
the logarithm of the velocity ratio and the dynamic stress drop
ln(V0/Vi) ffi (tueq ! t f

eq)/(bsn), which yields

Deq
0 ¼ L ln

V0

Vi

! "

$
tequ ! teqf

bsn
L ð2Þ

where tueq and t f
eq represent the yield and the kinetic stress values

for the R&S constitutive formulation. The proportionality factor

between these two length parameters scales with the dynamic stress
drop (tueq ! t f

eq) and the constitutive parameters. The dependence
on L is quite simple, but the effect of the other constitutive
parameters a and b is more complex since they also affect the
yield stress and the kinetic friction. The theoretical relation
proposed above shows that the equivalent SW distance D0

eq

depends on the initial value of slip velocity, which controls the
initial steady-state value of the state variable. The proposed scaling
between D0

eq and the dynamic stress drop (tueq ! t f
eq) is an

approximated relation: the calculated D0
eq values slightly under-

estimate those resulting from numerical simulations. Because the
initial slip velocity is totally arbitrary, it is difficult in the frame-
work of R&S formulation to prescribe the traction evolution and
the SW behavior within the cohesive zone. We can only infer an
approximated value of the equivalent slip-weakening distance from
the proposed scaling law. Moreover, the difference between D0

eq

and L depends on the adoption of a slowness (ageing) evolution
equation. Preliminary results indicate that a slip evolution equation
does not provide similar values for D0

eq and the scaling with L is
different; however, further investigations are needed to explain and
interpret this different behavior.

4. Discussion and Conclusive Remarks

[8] In our simulations we have used values of the L parameter
derived from laboratory experiments (L ' 1 ( 10 mm), which yield
D0

eq values of the order of 0.02 ( 0.2 mm. These values are much
smaller than those obtained by waveform inversions which suggest
D0

eq ' 0.2 ( 0.5 m. Guatteri et al. [2001] estimated the L
parameter from strong motion recordings of the 1995 Kobe earth-
quake, and their L values range between 1 to 5 cm assuming the
SW distance inferred by Ide and Takeo [1997]. Our numerical
simulations yield a D0

eq/L ratio nearly equal to 15. Assuming
L ' 1 cm [Scholz, 1988] for actual fault dimensions, the proposed
scaling law yields D0

eq values very close to 0.2 m, in agreement
with the results of Guatteri et al. [2001]. If D0

eq ' 0.2 m is a
believable result, the problem is therefore to scale the parameter L
from laboratory to actual fault dimensions. If the lengthscale L of
rate and state effects has the multi-micron scale of contacting
asperities along surfaces, it can hardly be related to D0

eq. The latter
may be associated to different weakening processes (such as
thermal weakening) occurring at high slip rates. On the contrary,
we may assume that reasonable values of L for actual faults are
close to the centimeter scale due to the presence of fault gouge

Figure 3. 3D phase diagrams showing total dynamic traction as a
function of slip and slip velocity (a) and state and slip velocity
(b). The projections of the 3D trajectories on the vertical planes
show the expected behaviors for slip-weakening, velocity-hard-
ening and -weakening as well as the state variable evolution within
the cohesive zone. In (b) the state evolves from the initial steady
state (L/Vi) up to the final, new steady state (L/V0).

Figure 4. SW curves for different values of the parameter L but
keeping constant all the other constitutive parameters and the initial
conditions. Increasing L increases the equivalent SW distance, and
the latter is always larger than the assumed L value. The yield
stress and the kinetic friction level are the same among the three
different simulations. As expected the weakening rate decreases for
smaller value of the equivalent slip-weakening distance.
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Background: Non-planar Faults – EQ gates
• Mostly, dynamic models use SW law.
• Will different friction laws result in different rupture 

behaviors on non-planar faults? – Main theme of this talk.
• Earthquake (EQ) gates: at fault geometrical complexities

Open (rupture breaks through) or close (rupture stops)
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Introduction
During SCEC4 (2012-2016) Special Fault Study Areas (SFSAs) were established to focus interdisciplinary research on
geographically-targeted problems of fault system behavior. The SFSA concept will evolve in SCEC5 (2017-2022) into the
Earthquake Gates Area (EGA) initiative (see SCEC5 proposal). An “earthquake gate” describes a region of fault
complexity that can halt earthquake ruptures conditional on proximal fault geometry, rupture direction, and prior
earthquake history. These as well as other factors, such as near-fault rheology, may determine whether and how often an
earthquake gate is open or closed to a propagating rupture. For example, rupture termination at fault complexities can
store significant strain energy, suggesting that loading by prior ruptures can increase the probability of a future event
breaking through in a larger earthquake. However, this effect is sensitive to the dynamics of the rupture process and
cumulative elastic deformation. Therefore, these fault subsystems must be modeled dynamically over multiple cycles to
assess the relative importance of competing forces and to calibrate them with geologic and geophysical observations.
Our working hypothesis is that, within the San Andreas fault system, the dynamics of earthquake gates control the time-
dependent probability of large, multi-segment (and multi-fault) ruptures.

An interdisciplinary approach that combines field studies and structural modeling with dynamic rupture modeling has proven to be very successful in our two initial
SFSAs: San Gorgonio Pass and Ventura Area. The choice of San Gorgonio Pass as an SCEC4 SFSA was motivated by the importance of southern San Andreas
ruptures to seismic hazards in Southern California. SCEC4 focused both field-based and model-based research on the region, leading to a consensus that the region’s
fault complexity impedes, but does not prohibit, through-going ruptures. Similar interdisciplinary studies within the Ventura SFSA indicated that the thrust systems
bounding the northern Ventura Basin tend to link together, generating very large (M > 7.5) ruptures, and they may produce tsunamis and subsidence events in the
heavily populated footwall. The distinct outcomes of the two SCEC4 SFSAs highlight how interdisciplinary research that is geographically focused on fault complexities
can significantly revise our understanding of seismic hazards.

SCEC5 Earthquake Gates Areas
The SCEC Earthquake Gates Area initiative in 2017-2022 will focus interdisciplinary research on targeted problems of fault-system behavior. The new initiative is
similar to the Special Fault Study Areas of SCEC4 (2012-2016), but shifts the investigation to factors that conditionally halt or pass earthquake ruptures, and thus
control the probability of large, multi-segment or multi-fault ruptures. Earthquake gates areas arise where fault complexity, rupture direction, near fault rheology, and
earthquake history may lead to an earthquake gate being open or closed to a through-going rupture.

The SCEC Earthquake Gates Area Incubator Workshop was held in March 2017 in order (1) to solicit and discuss ideas from the SCEC5 community for EGA locations
or topics, (2) to facilitate communication and collaboration between potential EGA investigators, and (3) to bring forward coordinators of potential EGA projects.
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Southern California in this study to 
explore what kinds of rupture behaviors 
can happen on the fault system. Examples 
of relevant questions that can be addressed 
or at least be shed light on are as follows. 
Can the 1857 and 1812 types of ruptures 
occur in the multicycle model? What 
rupture extents will be in the 1857 and 
1812 types of ruptures in the model? How 
often they happen in the model? What are 
other rupture patterns in the model? How 
often do they occur in the model? 

3.1 The extent of the San Andreas and 
San Jacinto faults in this study 

We will include in the model from the 
Parkfield to the Salton Sea of the San 
Andreas Fault (SAF) and the entire San 
Jacinto Fault (SJF), as shown by Fig 3. As 
the first study on this fault system with the 
multicycle method, we will simplify the 
fault geometry by only capturing the first 
order complexity, such as the big bend and 
branching structure of the SAF and SJF. 
We will only consider strike-slip fault 
segments in our model, while we treat 
thrust faults in the fault system as secondary faults that will affect normal and shear stresses on 
the main strike-slip faults via our viscoelastic model in the method. It is intriguing how even this 
simplified model will behave over multiple earthquake cycles in the model, and we believe 
results from this simplified model will provide meaningful answers and insights to the questions 
listed above. 

3.2 The multicycle dynamic modeling method  

Fig 4 schematically shows how the method works. A dynamic finite element code, 
EQdyna (Duan and Oglesby, 2006), will be used to simulate the co-seismic dynamic rupture 
process for each event over multiple earthquake cycles. EQdyna has been verified in the 
SCEC/USGS dynamic code verification exercice and performs well (Harris et al., 2009). 
Between two consective dynamic events, a Maxwell viscoelastic model [Nielsen and Knopoff, 
1998; Duan and Oglesby, 2005] is used to calculate the shear stress !! !  and the normal stress 
!! !  on the fault at time t during the interseismic period with the analytical solutions as below, 

!! ! = !!! − !!! exp − !! ! + !!!                            (1) 

!! ! = !!! − !! − !"! exp −!
!! + !!! + !!        (2) 

!! = ! cos 2! ,    !! = ! sin 2! ,                                   (3) 

 
Fig 3. Fault segments in the model proposed in this 
study include from Parkfield to Salton Sea of SAF 
and entire SJF. (From Sanders, 1993). 
 

 
 
Fig 4. Flow chart of the multicycle modeling method. 



Step-over faults & friction laws: Ryan & Oglesby (2014)

• Models: 2-D with FaultMod
• Friction laws:
• Low vs high stress cases:

relatively larger fault-parallel particle
motion, and the resulting Mach cones carry
large stresses and particle velocities far
from the fault [e.g., Dunham and Archuleta,
2004; Bernard and Baumont, 2005].
Supershear rupture velocities are inferred
from several seismic observations of the
1979 Imperial Valley earthquake, the 1992
Landers earthquake, the 1999 Izmit
earthquake, the 2001 Kunlun earthquake,
and the 2002 Denali Fault earthquake [e.g.,
Archuleta, 1984; Olson and Apsel, 1982;
Spudich and Cranswick, 1984; Olsen et al.,
1997; Bouchon and Vallée, 2003; Ellsworth

et al., 2004]. Laboratory experiments show supershear transition of mode II cracks along homogeneous
interfaces [Rosakis et al., 1999; Rosakis, 2002; Xia et al., 2004] and bimaterial interfaces [Xia et al., 2005].
Supershear rupture propagation is also predicted and explored in many computational and theoretical
studies [e.g., Andrews, 1976; Day, 1982; Harris and Day, 1997; Cochard and Rice, 2000; Madariaga and Olsen,
2000; Fukuyama and Olsen, 2002; Dunham et al., 2003]. Burridge [1973] and Andrews [1976] demonstrate that a
traveling shear wave in front of a rupture front can increase stress to the yield level ahead of the crack tip,
resulting in a “daughter” crack that travels along the fault interface at supershear speed. For mode II rupture,
rupture speeds are limited to either Vrupt≤ VRayleigh or Vrupt≥ Vshear for energetically favorable conditions
(i.e., rupture speeds between the Rayleigh and shear wave speeds are prohibited). Liu and Lapusta [2008]
show that “favorable heterogeneities,” such as a preexisting subcritical crack or small patch of high
prestress could facilitate mode II cracks changing from sub-Rayleigh to supershear speed (as a secondary
crack is driven to supershear speed by the main crack). Dunham [2007] demonstrates that changes in
fracture energy and stress drops along strike could lead to the supershear transition. Additionally, Dunham
[2007] shows that the supershear transition length can be sensitive to the effective slip-weakening
distance curve, specific to the friction formulation used, i.e., the transition length is smaller for more rapid
decreases in stress with slip due to smaller critical nucleation lengths.

Prior studies that investigate the effects of frictional parameterization on rupture dynamics have focused on
planar faults, and studies of fault dynamics on nonplanar faults have almost entirely used simple SW friction.
Few modeling studies have seen supershear transitions that result from complex fault geometries such as
fault step overs [e.g., Oglesby et al., 2008]. The use of multiple types of friction formulations in such studies
could provide some generality to results concerning the jump ability and rupture speed at step overs, or at
least relative values of such parameters among different friction parameterizations. Analyzing several
different friction formulations can help to illuminate the robustness of the results.

2. Method

We use the 2-D finite element method (FEM) code FaultMod [Barall, 2008] to model mode II dynamic rupture,
with a frictional interface, along fault step overs, in both compressional and dilational settings (Figure 1). Two-
dimensional earthquake rupture models can provide reasonable tests on geometrical parameters and scale
to 3-D quite well [e.g., Harris and Day, 1993, 1999]. All simulations are constrained to allow motion only
parallel to the plane (plane strain). Rupture is constrained to take place on one or both of two parallel fault
segments. We assume a homogeneous linearly elastic material. Each fault segment is 50 km in length, and the
overlap between segments is 7 km. The overlap is large enough to allow rupture to renucleate on the
secondary fault in both compressional and dilational settings. The step over width, or offset distance, is
variable and allows us to determine the maximum distance the rupture can jump (perpendicular to strike)
along step overs with our parameterizations. FaultMod automatically generates meshes, uses grid doubling
away from the fault system to reduce computation resources without loss of accuracy, and has been
validated in Southern California Earthquake Center/U.S. Geological Survey rupture benchmark problems
[Barall, 2009; Harris et al., 2009]. The code incorporates artificial viscous damping [Dalguer and Day, 2007] as
well as algorithmic damping to help damp spurious oscillations and energy-absorbing boundary conditions

Figure 1. Cartoon fault geometry of 2-D models using dynamic finite
element code FaultMod [Barall, 2008, 2009]. Arrows denote the
regional stress field. Note that the position of the secondary fault
segment signifies whether the system is compressional (top) or
dilational (bottom). The star denotes the nucleation zone. Fault
segment length and overlap are fixed. Step over width is variable.
For any given simulation, only one secondary (blue) fault is present.
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runningmodels with RS formulations and
then choosing the appropriate static and
dynamic frictional coefficients within the
linear SW framework. Maximum and
sliding shear stresses are unknown a
priori for RS parameterizations; however,
Bizzarri and Cocco [2003] show that such
values can be approximated using both a
shear impedance relationship to
determine the dynamic (sliding) slip
velocity and the initial value of the state
variable. Therefore, within the context of
this study, it would be possible to
parameterize RS formulations to mimic
linear SW formulations (although we do
not attempt this here). Figure 2 shows a
simplified energy budget schematic for
earthquakes, and how it is related to the
functional form of friction laws. We
strongly note that radiated energy
density should be thought of as an
average over the entire fault; radiated
energy density from a single point cannot
be determined easily from stress-versus-
slip weakening curves since large
portions of the fault are slipping
simultaneously and have complex stress
wave interactions. However, fracture
energy is dissipated for single points
along the fault, making it easily
measurable from models. Note that all
our models have fracture energy that is
approximately constant for all ruptured
points (i.e., all points have approximately
the same d0) under our homogeneous
initial conditions, but unless otherwise
noted, the fracture energies are not
necessarily the same between the
different friction parameterizations
(even with equivalent d0). We illustrate
the method of effective slip-weakening
distance equalization by plotting the
stress as a function of slip for all
friction formulations in our low-stress
and high-stress models in Figure 3.
Note that with equivalent d0, the
fracture energies for these
parameterizations are quite different.
Figure 4 shows the same friction
formulations, instead, with equivalent
fracture energy. Thus, the areas under the
weakening curves up to d0 are
approximately equal (<3% difference).

Figure 2. A simplified schematic of energy partitioning for an earth-
quake. The solid black line indicates shear stress with slip at a point on
the fault. The gray triangle within the radiated energy density indicates
the full subtraction of the fracture energy density. Note that the figure
shows a nonlinear weakening curve for generality. Different friction laws
produce different weakening curve geometries.
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Figure 3. Effective slip-weakening distance curves for both (top) low-
and (bottom) high-stress models are shown. In order to make a valid
comparison of all friction parameterizations used in this study, we tune
each friction formulation to have the same effective slip-weakening dis-
tance. For the aging and slip law formulations, we measure the effective
slip-weakening distance as the distance over which the stress drop is
98% complete for a point on a fault segment. The slip law with strong
rate weakening has the same L (length parameter in the rate-state fra-
mework) value as the slip law. We measure d0 to be approximately 0.6 m
for all models. Although this criterion is subjective, it provides a common
basis for all models. Note the associated fracture energy density (i.e., the
area under the weakening curve) varies among friction
parameterizations.
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along the mesh edges to avoid artificial reflections from
the model boundaries. We consider frictional effects on
systems with relatively small and large absolute stress
fields, with small and large stress drops, respectively
(Tables 1 and 2). Large absolute stress fields are
approximately 5 times that of the small absolute
stress fields.

We compare four friction formulations, including linear
slip-weakening (SW) friction and three forms of rate-
and state-dependent friction: aging law (RS-AL), slip
law (RS-SL), and slip law with strong rate weakening
(RS-SRW). The criterion for linear slip-weakening friction
is as follows [Ida, 1972]:

μ ¼
μdynamic " μstatic

! "

d0
δþ μstatic δ < d0

μdynamic δ ≥ d0

8
><

>:
(1)

where μ is the friction coefficient, δ is cumulative slip,
and d0 is a slip distance over which the friction coefficient
drops from its static value to its dynamic value and is
referred to as the effective slip-weakening distance. For
SW friction, the coefficient of friction drops linearly
with slip.

The general form of RS friction is as follows [Ruina, 1980,
1983; Linker and Dieterich, 1992]:

τ ¼ μ0 þ a ln
V
V0

# $

þ b ln
θ
θ0

# $% &

σeff (2)

where μ0 represents a constant reference value for the
coefficient of friction; a and b are constitutive parameters
estimated from laboratory experiments; V0 and θ0 are
reference values for slip rate and the state of the sliding
surface, respectively, such that when V= V0 and θ = θ0
the friction coefficient is μ0; θ is in units of time and
abstractly represents the strength of contacts at some
sliding velocity; and σeff is the effective normal stress. The
bracketed term is the friction coefficient. Note that for
an increase in sliding velocity V there is a corresponding
increase in friction, and as sliding velocity grows the
asperities are in contact for smaller amounts of time,
making θ small and ultimately decreasing friction.

Following Barall [2009], we use a modified form of the
bracketed term in equation (2) that does not become
singular for very small slip velocities:

μ ¼ a arcsin h
V
2V0

exp
μ0 þ ψ

a

! "

% &

≈μ0 þ a ln
V
V0

# $

þ ψ

(3)

This form of the RS law closely approximates equation (2)
for slip velocities of seismological interest. Note that the
right-hand side of equation (3) has the form of the

Table 1. Low-Stress Modelsa

Values

τo 15.00 MPa
σo 24.00 MPa
τo (nucleation zone) 20.00 MPa
Density 2670 kg/m3

S wave speed 3464 m/s
P wave speed 6000 m/s
Nucleation radius 3000 m
Nucleation speed 1750 m/s
Element size 100.0 m
Vini 1.000E"12 m/s
Vo 1.000E"6 m/s
a 0.008000
b 0.01200
L (aging law) 0.02330 m
L (slip law) 0.1505 m
μo 0.6000
μlv 0.6000
μw 0.3000
Vw 0.1000 m/s
μstatic 0.8299
μdynamic 0.5487
d0 ≈0.3–0.6 m

aStress values, material properties, model proper-
ties, and friction parameters used for low-
stress models.

Table 2. High-Stress Modelsa

Values

τo 75.00 MPa
σo 120.0 MPa
τo (nucleation zone) 100.0 MPa
Density 2670 kg/m3

S wave speed 3464 m/s
P wave speed 6000 m/s
Nucleation radius 600.0 m
Nucleation speed 1750 m/s
Element size 50.00 m
Vini 1.000E"12 m/s
Vo 1.000E"6 m/s
a 0.008000
b 0.01200
L (aging law) 0.02015 m
L (slip law) 0.1000 m
μo 0.6000
μlv 0.6000
μw 0.3000
Vw 0.1000 m/s
μstatic 0.8465
μdynamic 0.5340
d0 ≈0.2–0.6 m

aStress values, material properties, model proper-
ties, and friction parameters used for high-
stress models.
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along the mesh edges to avoid artificial reflections from
the model boundaries. We consider frictional effects on
systems with relatively small and large absolute stress
fields, with small and large stress drops, respectively
(Tables 1 and 2). Large absolute stress fields are
approximately 5 times that of the small absolute
stress fields.

We compare four friction formulations, including linear
slip-weakening (SW) friction and three forms of rate-
and state-dependent friction: aging law (RS-AL), slip
law (RS-SL), and slip law with strong rate weakening
(RS-SRW). The criterion for linear slip-weakening friction
is as follows [Ida, 1972]:

μ ¼
μdynamic " μstatic
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where μ is the friction coefficient, δ is cumulative slip,
and d0 is a slip distance over which the friction coefficient
drops from its static value to its dynamic value and is
referred to as the effective slip-weakening distance. For
SW friction, the coefficient of friction drops linearly
with slip.

The general form of RS friction is as follows [Ruina, 1980,
1983; Linker and Dieterich, 1992]:

τ ¼ μ0 þ a ln
V
V0
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θ
θ0
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σeff (2)

where μ0 represents a constant reference value for the
coefficient of friction; a and b are constitutive parameters
estimated from laboratory experiments; V0 and θ0 are
reference values for slip rate and the state of the sliding
surface, respectively, such that when V= V0 and θ = θ0
the friction coefficient is μ0; θ is in units of time and
abstractly represents the strength of contacts at some
sliding velocity; and σeff is the effective normal stress. The
bracketed term is the friction coefficient. Note that for
an increase in sliding velocity V there is a corresponding
increase in friction, and as sliding velocity grows the
asperities are in contact for smaller amounts of time,
making θ small and ultimately decreasing friction.

Following Barall [2009], we use a modified form of the
bracketed term in equation (2) that does not become
singular for very small slip velocities:

μ ¼ a arcsin h
V
2V0

exp
μ0 þ ψ

a
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% &

≈μ0 þ a ln
V
V0

# $

þ ψ

(3)

This form of the RS law closely approximates equation (2)
for slip velocities of seismological interest. Note that the
right-hand side of equation (3) has the form of the

Table 1. Low-Stress Modelsa

Values

τo 15.00 MPa
σo 24.00 MPa
τo (nucleation zone) 20.00 MPa
Density 2670 kg/m3

S wave speed 3464 m/s
P wave speed 6000 m/s
Nucleation radius 3000 m
Nucleation speed 1750 m/s
Element size 100.0 m
Vini 1.000E"12 m/s
Vo 1.000E"6 m/s
a 0.008000
b 0.01200
L (aging law) 0.02330 m
L (slip law) 0.1505 m
μo 0.6000
μlv 0.6000
μw 0.3000
Vw 0.1000 m/s
μstatic 0.8299
μdynamic 0.5487
d0 ≈0.3–0.6 m

aStress values, material properties, model proper-
ties, and friction parameters used for low-
stress models.

Table 2. High-Stress Modelsa

Values

τo 75.00 MPa
σo 120.0 MPa
τo (nucleation zone) 100.0 MPa
Density 2670 kg/m3

S wave speed 3464 m/s
P wave speed 6000 m/s
Nucleation radius 600.0 m
Nucleation speed 1750 m/s
Element size 50.00 m
Vini 1.000E"12 m/s
Vo 1.000E"6 m/s
a 0.008000
b 0.01200
L (aging law) 0.02015 m
L (slip law) 0.1000 m
μo 0.6000
μlv 0.6000
μw 0.3000
Vw 0.1000 m/s
μstatic 0.8465
μdynamic 0.5340
d0 ≈0.2–0.6 m

aStress values, material properties, model proper-
ties, and friction parameters used for high-
stress models.
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Make friction laws comparable
• Similar d0 • Similar fracture energy: no SRW here

runningmodels with RS formulations and
then choosing the appropriate static and
dynamic frictional coefficients within the
linear SW framework. Maximum and
sliding shear stresses are unknown a
priori for RS parameterizations; however,
Bizzarri and Cocco [2003] show that such
values can be approximated using both a
shear impedance relationship to
determine the dynamic (sliding) slip
velocity and the initial value of the state
variable. Therefore, within the context of
this study, it would be possible to
parameterize RS formulations to mimic
linear SW formulations (although we do
not attempt this here). Figure 2 shows a
simplified energy budget schematic for
earthquakes, and how it is related to the
functional form of friction laws. We
strongly note that radiated energy
density should be thought of as an
average over the entire fault; radiated
energy density from a single point cannot
be determined easily from stress-versus-
slip weakening curves since large
portions of the fault are slipping
simultaneously and have complex stress
wave interactions. However, fracture
energy is dissipated for single points
along the fault, making it easily
measurable from models. Note that all
our models have fracture energy that is
approximately constant for all ruptured
points (i.e., all points have approximately
the same d0) under our homogeneous
initial conditions, but unless otherwise
noted, the fracture energies are not
necessarily the same between the
different friction parameterizations
(even with equivalent d0). We illustrate
the method of effective slip-weakening
distance equalization by plotting the
stress as a function of slip for all
friction formulations in our low-stress
and high-stress models in Figure 3.
Note that with equivalent d0, the
fracture energies for these
parameterizations are quite different.
Figure 4 shows the same friction
formulations, instead, with equivalent
fracture energy. Thus, the areas under the
weakening curves up to d0 are
approximately equal (<3% difference).

Figure 2. A simplified schematic of energy partitioning for an earth-
quake. The solid black line indicates shear stress with slip at a point on
the fault. The gray triangle within the radiated energy density indicates
the full subtraction of the fracture energy density. Note that the figure
shows a nonlinear weakening curve for generality. Different friction laws
produce different weakening curve geometries.
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Figure 3. Effective slip-weakening distance curves for both (top) low-
and (bottom) high-stress models are shown. In order to make a valid
comparison of all friction parameterizations used in this study, we tune
each friction formulation to have the same effective slip-weakening dis-
tance. For the aging and slip law formulations, we measure the effective
slip-weakening distance as the distance over which the stress drop is
98% complete for a point on a fault segment. The slip law with strong
rate weakening has the same L (length parameter in the rate-state fra-
mework) value as the slip law. We measure d0 to be approximately 0.6 m
for all models. Although this criterion is subjective, it provides a common
basis for all models. Note the associated fracture energy density (i.e., the
area under the weakening curve) varies among friction
parameterizations.
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Dynamic modeling parameter studies
show that the seismic S ratio,

S ¼
τy " τ0
τ0 " τf

(9)

where τy is the yield strength, τ0 is the
initial loading stress, and τf is the final
sliding stress, controls the ability of
rupture to make the transition to
supershear speed on planar faults
[Andrews, 1976; Das and Aki, 1977; Day,
1982]. The seismic S ratio is not only
important as a predictor for supershear
transition but can also help determine
maximum jumping rupture lengths
along fault step overs [Harris and Day,
1993]. For 2-D simulations, S=1.77 is the
threshold value, above which ruptures
cannot make the transition to
supershear speeds [Andrews, 1976]. For
values of S between 0 and 1.77, there
is an associated transition length Ltrans
[e.g., Xia et al., 2004]

Ltrans ¼ f Sð Þ
1þ νð Þ τy " τf

! "

π τ0 " τfð Þ2

" #

Gd0

(10a)

where

f Sð Þ ¼ 9:8

1:77" Sð Þ3
(10b)

and where ν is Poisson’s ratio and G is the shear modulus. A sub-Rayleigh rupture must travel a distance Ltrans
before supershear speed is reached.

Fault length controls the slip duration in our (2-D) study, so stopping phases that penetrate inward from the
along-strike edges control rupture duration. Therefore, our models represent a seismogenic zone of roughly
25 km [Harris and Day, 1993]. We choose a Poisson ratio of 0.25 so that α=√3β where α is the P wave velocity
and β is the Swave velocity. In order to accurately resolve the rupture process, FEM discretization must be able
to resolve the following: (1) the time it takes a P wave to traverse the smallest element size, (2) state-variable
evolution (for RS simulations), and (3) discretization in the cohesive zone [Palmer and Rice, 1973]. To check
for this, we adapt equation (A3b) from Bizzarri and Cocco [2003]:

Δx ≪
V rupt

Vave
d0 (11)

and the general condition [e.g., Andrews, 1985]

Δx ≥ αΔt (12)

where Δx is the smallest element size, Vrupt is the rupture velocity, Vave is the average velocity of a node from
the time it reaches yield stress to sliding stress, α is the P wave velocity, and Δt is one time step. Additionally,
we check that the number of elements within the cohesive zone for each model is four or more, which we
consider the minimum for resolution of the process. Note that cases with the lowest number of elements in
the cohesive zone involve RS-SRW models. For equations (11) and (12) to be satisfied, our high-stress models
have 50 m mesh increments along the fault, while our low-stress models have 100 m mesh increments along
the fault. Within each stress system, we use the same grid increments in all friction laws for comparability.
Additionally, a reliable way to determine that our models have the correct resolution is to compare rupture
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Figure 4. Effective slip-weakening distance curves for both (top) low-
and (bottom) high-stress models are shown with comparable fracture
energy densities. In order to equate fracture energy densities among
friction parameterizations used in this study, the associated effective
slip-weakening distances cannot always equate. Note that linear
slip-weakening friction and the rate-state aging law have similar functional
forms and therefore can have similar effective slip-weakening distances
and fracture energy densities.
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Compare Max Jump Distance w/ Different Laws

• Solid – similar d0 case: friction 
laws matter 

• Dashed – similar fracture energy 
case: not much (excluding SRW)

• Low stress (more significant) vs 
high stress (less obvious) cases. 

• Friction laws matter a lot 
under similar d0 & low-stress 
situation, particular SRW law.

both the functional form of the friction
laws and to the associated energy
budget. In order to test the effect of the
functional form separately from that of
the fracture energy, we modeled
earthquake ruptures with equivalent
fracture energy using RS-AL, RS-SL, and
SW friction (Figure 4). Note that we do
not consider the strong rate-weakening
formulation here since it is a specialized
version of the slip law and has a vastly
different energy budget. With all fracture
energies scaled to the fracture energy of
the prior RS-SL models (a value of
d0 = 0.6 m is used in equation (8) to
determine the fracture energy for RS-SL
models), the difference in maximum
rupture-jumping distance between the
SW and RS-AL versus the RS-SL
simulations is substantially smaller
(Figure 5). Thus, the fracture energy
associated with each friction law has a
first-order effect on maximum jump
distance, especially for the low-stress
cases. Due to our grid resolution, a
difference in maximum jump width of
50 m and 100m is not significant for our
high- and low-stress models,
respectively. The high-stress models
indicate that maximum rupture jump
distance can be very similar, regardless
of the friction law used, with the
exception of RS-SRW models. Even
though the primary effect on maximum
jump distance appears to come from
the fracture energy, the functional form
for each friction law still affects
maximum jump distance, although this
effect is not as strong. This result is
consistent with numerical studies
[Dunham, 2007], which have shown
that the initial slope of the slip-
weakening curve can determine the
critical nucleation size (i.e., steeper
initial slopes like that of the RS-SL
require smaller nucleation zones for
rupture to propagate outside the
nucleation zone). Further studies are
needed to fully examine the variation
between different friction laws,
especially with more complex energy
budgets that include off-fault damage
zones or variable fracture energy
along strike.

Figure 6. Linear slip-weakening curves scaled up by stress, while holding
the effective slip-weakening distance as well as frictional coefficients
constant, result in a larger ratio of seismic radiation density to fracture
energy density.
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Figure 5. Maximum jump distances for both (top) low- and (bottom)
high-stress models are shown. For each friction formulation, the maxi-
mum rupture-jump distance perpendicular to strike is shown. Models
with equivalent slip-weakening distances havemaximum jump distances
indicated by solid regions (excluding the strong rate-weakeningmodels).
Models with equivalent fracture energy density have maximum jump
distances indicated by dashed regions. Dashed regions are never lower
than solid regions. Note that the y axis is broken due to the relatively
large jump distance for RS-SL models incorporating strong rate-weak-
ening friction.
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Non-planar faults & Friction Laws: Luo and Duan (2018)

• A bump on a thrust fault
• Initial fault stress from principal 

stresses
• Various friction laws: 

comparable fracture energy

We assume a pure-thrust faulting stress environment with the minimum principal effective stress σ3 in the
vertical direction, the intermediate principal effective stress σ2 in the strike direction, and the maximum
principle effective stress σ1 perpendicular to the strike direction in the horizontal plane. All three principal
stresses are assumed to be linearly increasing from the free surface to 2 km at depth. In particular, σ3 is
the lithostatic pressure minus hydrostatic pore pressure. Below 2 km at depth, effective principal stresses
are assumed constant due to overpressurization. The initial normal stress σn and initial shear stress τ0 on
the fault are assigned by resolving the effective stress tensor onto the fault surface. On the planar part of
the fault, σ1 and σ3 are constructed as follows to provide certain effective compressive normal traction and
shear traction,

σ1 ¼ σn þ
τ0

tan θ
; (2)

σ3 ¼ σn # τ0 tan θ: (3)

Specifically, we assume constant effective normal traction as 50 MPa and constant shear traction as 30 MPa at
depth below 2 km, which correspond to σ1 = 102 MPa and σ3 = 32.6 MPa. On the nonplanar part, the fault
surface orientation varies spatially and gives heterogeneous local effective normal and shear tractions.

Figure 1. The nonplanar part of the thrust fault model. The locally curved shape of the mesh represents a circular bump on
the fault surface centered at 9 km along dip from the fault trace (not shown here). Note that the fault is embedded in a
three-dimensional finite element domain.

Figure 2. The profile of background (a) initial normal stress along dip direction, (b) initial normal stress, and (c) initial
shear stress in the vicinity of the seamount, respectively. The black circles and red stars in (b) and (c) denote the circular
boundary of the bump on the fault and the hypocenter where rupture begins, respectively.
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We assume a pure-thrust faulting stress environment with the minimum principal effective stress σ3 in the
vertical direction, the intermediate principal effective stress σ2 in the strike direction, and the maximum
principle effective stress σ1 perpendicular to the strike direction in the horizontal plane. All three principal
stresses are assumed to be linearly increasing from the free surface to 2 km at depth. In particular, σ3 is
the lithostatic pressure minus hydrostatic pore pressure. Below 2 km at depth, effective principal stresses
are assumed constant due to overpressurization. The initial normal stress σn and initial shear stress τ0 on
the fault are assigned by resolving the effective stress tensor onto the fault surface. On the planar part of
the fault, σ1 and σ3 are constructed as follows to provide certain effective compressive normal traction and
shear traction,

σ1 ¼ σn þ
τ0

tan θ
; (2)

σ3 ¼ σn # τ0 tan θ: (3)

Specifically, we assume constant effective normal traction as 50 MPa and constant shear traction as 30 MPa at
depth below 2 km, which correspond to σ1 = 102 MPa and σ3 = 32.6 MPa. On the nonplanar part, the fault
surface orientation varies spatially and gives heterogeneous local effective normal and shear tractions.

Figure 1. The nonplanar part of the thrust fault model. The locally curved shape of the mesh represents a circular bump on
the fault surface centered at 9 km along dip from the fault trace (not shown here). Note that the fault is embedded in a
three-dimensional finite element domain.

Figure 2. The profile of background (a) initial normal stress along dip direction, (b) initial normal stress, and (c) initial
shear stress in the vicinity of the seamount, respectively. The black circles and red stars in (b) and (c) denote the circular
boundary of the bump on the fault and the hypocenter where rupture begins, respectively.
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First, all the shear stresses governed by various friction laws should yield at
a similar yield stress τu, and then drop to a similar dynamic stress τd as slip
increases, as shown in the stress-slip curves in Figure 3. However, while this
setting is applicable for a planar fault, it does not hold when the fault is
nonplanar. That is because the yield stresses between the SW law and
the RSF laws are defined in different ways. In the SW law, the yield stress
τu is given as

τu ¼ μsσn: (14)

As the initial normal stress σn on the compressional side of a bump
increases, it is reasonable that there is a proportional increase in yield
stress. On the other hand, although the RSF laws with velocity-weakening
parameters are shown to be capable of reproducing the SW property, the

yield stress in these laws is mainly characterized by a “jump” added to the initial shear stress, the so-called
direct effect in the RSF laws. Assuming negligible change in state variable, the yield stress τu can be estimated
as (Bizzarri & Cocco, 2003)

τu ¼ τ0 þ Δτ ≈ τ0 þ aσn ln
Vdyn

Vini
; (15)

where τ0 denotes the initial shear stress, Δτ denotes the stress excess from initial shear stress to yield stress,
and Vdyn denotes the coseismic slip velocity, which could be reasonably assumed as a constant of 1 m/s. This
estimate holds for all three types of RSF laws, since the main difference between the RSF laws is the evolution
law of the state variable, which is assumed an invariant when we estimate the yield stress. Therefore, we only
consider one yield stress estimate for all three RSF laws. We equate the RSF yield stress to the SW yield stress
on the planar part of the fault

μsσn ≈ τ0 þ aσn ln
Vdyn

Vini
: (16)

Figure 3. Comparison of shear stresses as a function of slip at the hypocenter
for all four types of friction laws with frictional parameters listed in Table 1. In
all friction laws the stress first rises from initial level (30 MPa) to the static
friction (~38 MPa), and then drops to the dynamic friction (~27.3 MPa) over
certain amount of slip after yielding.

Figure 4. (a and b) The initial normal and shear stress profiles along dip direction through the center of the bump for
various bump heights. (c) The profiles of estimated yield stress in RSF law. (d) The variation of stress quantities at the
most compressive location (at 10.5 km along dip) on the bump as a function of the height of the bump, including initial
normal stress σn, the initial shear stress τ0, the yield stress τu estimated by the SW law, and the yield stress τu estimated by
the RSF laws.
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Friction law effects w/ various bump heights

• Friction laws matter a lot for 
high bumps: rupture stops or 
not
– Rupture w/ SW stops starting 

from 600 m height
– Rupture w/ RS-A stops by 900 

m height
– Rupture does not stop w/ RS-S 

& RS-FH up to 900 m height
– Why?

magnitude, but the RS-S law and the RS-FH law are still able to produce
ruptures almost as large as the ones on a planar fault. A straightforward
explanation for such a reduction in final moment magnitude is that when
the bump becomes higher than a certain height value, its yield strength on
the downdip slope becomes high enough to stop a rupture from further
propagation to the whole fault area and therefore, limits the ruptured area
and the size of the event. In our SW experiments, the dynamic rupture
starts to be limited when the bump is 600 m high. But for the RSF experi-
ments, the ruptures are still allowed to pass through by the RSF yield
strength, since the RSF laws always determine a yield stress on the com-
pressional slope lower than the one determined by the SW law.

However, the yield stress of the bump is not the only factor that affects
rupture dynamics. When the bump is 900 m high, the RS-A simulation
gives a reduced magnitude while the other two RSF simulations do not,
although all three of them have approximately the same yield stress level

on the bump. Figure 8 shows the rupture time contours of the RS-A cases with the various bump heights from
0 to 900 m. Rupture time is defined as the time when the slip velocity at that location exceeds 0.001 m/s,
which implies the arrival of the rupture at that location. The rupture time contour for the case without a bump
shows very smooth contour lines in the assumed bump area. Compared to this reference case, the contour
lines in the bump area in the case with a 300 m high bump are slightly distorted, with their intervals narrower
on the downdip slope and wider on the updip slope, which suggests slower rupture speed on the downdip
slope and faster rupture speed on the updip slope. Affected by this 300 m high bump, the total time to rup-
ture the whole fault surface is approximately 1 s longer than the reference case. For a 600 m high bump, its
influence on rupture time contour is much more significant. Contour lines from 3 to 10 s are clustered at the
downdip slope, mainly because the yield strength is strongly resisting rupture propagation in this area. These
contour lines are also very narrow at other locations where the fault surface is planar, suggesting that the rup-
ture responds to the barrier as a whole rather than just being affected locally. At 10 s, the downdip slope
finally yields and the rupture resumes its propagation until it reaches the fault boundary. Due to the barrier
effect of the bump, the whole rupture process is approximately 7 s longer than the reference case, but the
final moment magnitude is still comparable to the reference case because it does rupture the whole fault

Figure 7. The moment magnitude variation of simulated dynamic ruptures
as the height of the bump varies. The results of four types of friction laws
are shown for comparison.

Figure 8. Comparison of rupture time contours of dynamic rupture simulations governed by the RS-A law on (a) a planar
fault and (b) a nonplanar fault with a 300 m high bump, (c) a 600 m high bump, and (d) a 900 m high bump. The
contour interval is 1 s. The black dashed circle in each contour denotes the position of the bump. The rupture in (d) is
terminated by the bump and the blank area outside the 20 s rupture time contour line is not ruptured.
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propagation to the whole fault area and therefore, limits the ruptured area
and the size of the event. In our SW experiments, the dynamic rupture
starts to be limited when the bump is 600 m high. But for the RSF experi-
ments, the ruptures are still allowed to pass through by the RSF yield
strength, since the RSF laws always determine a yield stress on the com-
pressional slope lower than the one determined by the SW law.

However, the yield stress of the bump is not the only factor that affects
rupture dynamics. When the bump is 900 m high, the RS-A simulation
gives a reduced magnitude while the other two RSF simulations do not,
although all three of them have approximately the same yield stress level
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0 to 900 m. Rupture time is defined as the time when the slip velocity at that location exceeds 0.001 m/s,
which implies the arrival of the rupture at that location. The rupture time contour for the case without a bump
shows very smooth contour lines in the assumed bump area. Compared to this reference case, the contour
lines in the bump area in the case with a 300 m high bump are slightly distorted, with their intervals narrower
on the downdip slope and wider on the updip slope, which suggests slower rupture speed on the downdip
slope and faster rupture speed on the updip slope. Affected by this 300 m high bump, the total time to rup-
ture the whole fault surface is approximately 1 s longer than the reference case. For a 600 m high bump, its
influence on rupture time contour is much more significant. Contour lines from 3 to 10 s are clustered at the
downdip slope, mainly because the yield strength is strongly resisting rupture propagation in this area. These
contour lines are also very narrow at other locations where the fault surface is planar, suggesting that the rup-
ture responds to the barrier as a whole rather than just being affected locally. At 10 s, the downdip slope
finally yields and the rupture resumes its propagation until it reaches the fault boundary. Due to the barrier
effect of the bump, the whole rupture process is approximately 7 s longer than the reference case, but the
final moment magnitude is still comparable to the reference case because it does rupture the whole fault

Figure 7. The moment magnitude variation of simulated dynamic ruptures
as the height of the bump varies. The results of four types of friction laws
are shown for comparison.

Figure 8. Comparison of rupture time contours of dynamic rupture simulations governed by the RS-A law on (a) a planar
fault and (b) a nonplanar fault with a 300 m high bump, (c) a 600 m high bump, and (d) a 900 m high bump. The
contour interval is 1 s. The black dashed circle in each contour denotes the position of the bump. The rupture in (d) is
terminated by the bump and the blank area outside the 20 s rupture time contour line is not ruptured.
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magnitude, but the RS-S law and the RS-FH law are still able to produce
ruptures almost as large as the ones on a planar fault. A straightforward
explanation for such a reduction in final moment magnitude is that when
the bump becomes higher than a certain height value, its yield strength on
the downdip slope becomes high enough to stop a rupture from further
propagation to the whole fault area and therefore, limits the ruptured area
and the size of the event. In our SW experiments, the dynamic rupture
starts to be limited when the bump is 600 m high. But for the RSF experi-
ments, the ruptures are still allowed to pass through by the RSF yield
strength, since the RSF laws always determine a yield stress on the com-
pressional slope lower than the one determined by the SW law.

However, the yield stress of the bump is not the only factor that affects
rupture dynamics. When the bump is 900 m high, the RS-A simulation
gives a reduced magnitude while the other two RSF simulations do not,
although all three of them have approximately the same yield stress level

on the bump. Figure 8 shows the rupture time contours of the RS-A cases with the various bump heights from
0 to 900 m. Rupture time is defined as the time when the slip velocity at that location exceeds 0.001 m/s,
which implies the arrival of the rupture at that location. The rupture time contour for the case without a bump
shows very smooth contour lines in the assumed bump area. Compared to this reference case, the contour
lines in the bump area in the case with a 300 m high bump are slightly distorted, with their intervals narrower
on the downdip slope and wider on the updip slope, which suggests slower rupture speed on the downdip
slope and faster rupture speed on the updip slope. Affected by this 300 m high bump, the total time to rup-
ture the whole fault surface is approximately 1 s longer than the reference case. For a 600 m high bump, its
influence on rupture time contour is much more significant. Contour lines from 3 to 10 s are clustered at the
downdip slope, mainly because the yield strength is strongly resisting rupture propagation in this area. These
contour lines are also very narrow at other locations where the fault surface is planar, suggesting that the rup-
ture responds to the barrier as a whole rather than just being affected locally. At 10 s, the downdip slope
finally yields and the rupture resumes its propagation until it reaches the fault boundary. Due to the barrier
effect of the bump, the whole rupture process is approximately 7 s longer than the reference case, but the
final moment magnitude is still comparable to the reference case because it does rupture the whole fault

Figure 7. The moment magnitude variation of simulated dynamic ruptures
as the height of the bump varies. The results of four types of friction laws
are shown for comparison.

Figure 8. Comparison of rupture time contours of dynamic rupture simulations governed by the RS-A law on (a) a planar
fault and (b) a nonplanar fault with a 300 m high bump, (c) a 600 m high bump, and (d) a 900 m high bump. The
contour interval is 1 s. The black dashed circle in each contour denotes the position of the bump. The rupture in (d) is
terminated by the bump and the blank area outside the 20 s rupture time contour line is not ruptured.
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Why are the above effects?
• Yield stress in RSF vs. SW
• Differences in functional forms of laws in slip-weakening curve: two 

groups
– Linear weakening: 

SW, RSF-A
– Exponential weakening: 

RSF-S, RSF-FH
Steeper initial slope => 
energy release faster and earlier

• Dynamic friction in RSF

First, all the shear stresses governed by various friction laws should yield at
a similar yield stress τu, and then drop to a similar dynamic stress τd as slip
increases, as shown in the stress-slip curves in Figure 3. However, while this
setting is applicable for a planar fault, it does not hold when the fault is
nonplanar. That is because the yield stresses between the SW law and
the RSF laws are defined in different ways. In the SW law, the yield stress
τu is given as

τu ¼ μsσn: (14)

As the initial normal stress σn on the compressional side of a bump
increases, it is reasonable that there is a proportional increase in yield
stress. On the other hand, although the RSF laws with velocity-weakening
parameters are shown to be capable of reproducing the SW property, the

yield stress in these laws is mainly characterized by a “jump” added to the initial shear stress, the so-called
direct effect in the RSF laws. Assuming negligible change in state variable, the yield stress τu can be estimated
as (Bizzarri & Cocco, 2003)

τu ¼ τ0 þ Δτ ≈ τ0 þ aσn ln
Vdyn

Vini
; (15)

where τ0 denotes the initial shear stress, Δτ denotes the stress excess from initial shear stress to yield stress,
and Vdyn denotes the coseismic slip velocity, which could be reasonably assumed as a constant of 1 m/s. This
estimate holds for all three types of RSF laws, since the main difference between the RSF laws is the evolution
law of the state variable, which is assumed an invariant when we estimate the yield stress. Therefore, we only
consider one yield stress estimate for all three RSF laws. We equate the RSF yield stress to the SW yield stress
on the planar part of the fault

μsσn ≈ τ0 þ aσn ln
Vdyn

Vini
: (16)

Figure 3. Comparison of shear stresses as a function of slip at the hypocenter
for all four types of friction laws with frictional parameters listed in Table 1. In
all friction laws the stress first rises from initial level (30 MPa) to the static
friction (~38 MPa), and then drops to the dynamic friction (~27.3 MPa) over
certain amount of slip after yielding.

Figure 4. (a and b) The initial normal and shear stress profiles along dip direction through the center of the bump for
various bump heights. (c) The profiles of estimated yield stress in RSF law. (d) The variation of stress quantities at the
most compressive location (at 10.5 km along dip) on the bump as a function of the height of the bump, including initial
normal stress σn, the initial shear stress τ0, the yield stress τu estimated by the SW law, and the yield stress τu estimated by
the RSF laws.
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• Yield stress in SW vs. RSF: rupture stop or not

– SW: 
~ directly  

normal stress 

– RSF: ~ shear stress

First, all the shear stresses governed by various friction laws should yield at
a similar yield stress τu, and then drop to a similar dynamic stress τd as slip
increases, as shown in the stress-slip curves in Figure 3. However, while this
setting is applicable for a planar fault, it does not hold when the fault is
nonplanar. That is because the yield stresses between the SW law and
the RSF laws are defined in different ways. In the SW law, the yield stress
τu is given as

τu ¼ μsσn: (14)

As the initial normal stress σn on the compressional side of a bump
increases, it is reasonable that there is a proportional increase in yield
stress. On the other hand, although the RSF laws with velocity-weakening
parameters are shown to be capable of reproducing the SW property, the

yield stress in these laws is mainly characterized by a “jump” added to the initial shear stress, the so-called
direct effect in the RSF laws. Assuming negligible change in state variable, the yield stress τu can be estimated
as (Bizzarri & Cocco, 2003)

τu ¼ τ0 þ Δτ ≈ τ0 þ aσn ln
Vdyn

Vini
; (15)

where τ0 denotes the initial shear stress, Δτ denotes the stress excess from initial shear stress to yield stress,
and Vdyn denotes the coseismic slip velocity, which could be reasonably assumed as a constant of 1 m/s. This
estimate holds for all three types of RSF laws, since the main difference between the RSF laws is the evolution
law of the state variable, which is assumed an invariant when we estimate the yield stress. Therefore, we only
consider one yield stress estimate for all three RSF laws. We equate the RSF yield stress to the SW yield stress
on the planar part of the fault

μsσn ≈ τ0 þ aσn ln
Vdyn

Vini
: (16)

Figure 3. Comparison of shear stresses as a function of slip at the hypocenter
for all four types of friction laws with frictional parameters listed in Table 1. In
all friction laws the stress first rises from initial level (30 MPa) to the static
friction (~38 MPa), and then drops to the dynamic friction (~27.3 MPa) over
certain amount of slip after yielding.

Figure 4. (a and b) The initial normal and shear stress profiles along dip direction through the center of the bump for
various bump heights. (c) The profiles of estimated yield stress in RSF law. (d) The variation of stress quantities at the
most compressive location (at 10.5 km along dip) on the bump as a function of the height of the bump, including initial
normal stress σn, the initial shear stress τ0, the yield stress τu estimated by the SW law, and the yield stress τu estimated by
the RSF laws.
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First, all the shear stresses governed by various friction laws should yield at
a similar yield stress τu, and then drop to a similar dynamic stress τd as slip
increases, as shown in the stress-slip curves in Figure 3. However, while this
setting is applicable for a planar fault, it does not hold when the fault is
nonplanar. That is because the yield stresses between the SW law and
the RSF laws are defined in different ways. In the SW law, the yield stress
τu is given as

τu ¼ μsσn: (14)

As the initial normal stress σn on the compressional side of a bump
increases, it is reasonable that there is a proportional increase in yield
stress. On the other hand, although the RSF laws with velocity-weakening
parameters are shown to be capable of reproducing the SW property, the

yield stress in these laws is mainly characterized by a “jump” added to the initial shear stress, the so-called
direct effect in the RSF laws. Assuming negligible change in state variable, the yield stress τu can be estimated
as (Bizzarri & Cocco, 2003)

τu ¼ τ0 þ Δτ ≈ τ0 þ aσn ln
Vdyn

Vini
; (15)

where τ0 denotes the initial shear stress, Δτ denotes the stress excess from initial shear stress to yield stress,
and Vdyn denotes the coseismic slip velocity, which could be reasonably assumed as a constant of 1 m/s. This
estimate holds for all three types of RSF laws, since the main difference between the RSF laws is the evolution
law of the state variable, which is assumed an invariant when we estimate the yield stress. Therefore, we only
consider one yield stress estimate for all three RSF laws. We equate the RSF yield stress to the SW yield stress
on the planar part of the fault

μsσn ≈ τ0 þ aσn ln
Vdyn

Vini
: (16)

Figure 3. Comparison of shear stresses as a function of slip at the hypocenter
for all four types of friction laws with frictional parameters listed in Table 1. In
all friction laws the stress first rises from initial level (30 MPa) to the static
friction (~38 MPa), and then drops to the dynamic friction (~27.3 MPa) over
certain amount of slip after yielding.

Figure 4. (a and b) The initial normal and shear stress profiles along dip direction through the center of the bump for
various bump heights. (c) The profiles of estimated yield stress in RSF law. (d) The variation of stress quantities at the
most compressive location (at 10.5 km along dip) on the bump as a function of the height of the bump, including initial
normal stress σn, the initial shear stress τ0, the yield stress τu estimated by the SW law, and the yield stress τu estimated by
the RSF laws.
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First, all the shear stresses governed by various friction laws should yield at
a similar yield stress τu, and then drop to a similar dynamic stress τd as slip
increases, as shown in the stress-slip curves in Figure 3. However, while this
setting is applicable for a planar fault, it does not hold when the fault is
nonplanar. That is because the yield stresses between the SW law and
the RSF laws are defined in different ways. In the SW law, the yield stress
τu is given as
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As the initial normal stress σn on the compressional side of a bump
increases, it is reasonable that there is a proportional increase in yield
stress. On the other hand, although the RSF laws with velocity-weakening
parameters are shown to be capable of reproducing the SW property, the

yield stress in these laws is mainly characterized by a “jump” added to the initial shear stress, the so-called
direct effect in the RSF laws. Assuming negligible change in state variable, the yield stress τu can be estimated
as (Bizzarri & Cocco, 2003)
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Vini
; (15)

where τ0 denotes the initial shear stress, Δτ denotes the stress excess from initial shear stress to yield stress,
and Vdyn denotes the coseismic slip velocity, which could be reasonably assumed as a constant of 1 m/s. This
estimate holds for all three types of RSF laws, since the main difference between the RSF laws is the evolution
law of the state variable, which is assumed an invariant when we estimate the yield stress. Therefore, we only
consider one yield stress estimate for all three RSF laws. We equate the RSF yield stress to the SW yield stress
on the planar part of the fault
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Figure 3. Comparison of shear stresses as a function of slip at the hypocenter
for all four types of friction laws with frictional parameters listed in Table 1. In
all friction laws the stress first rises from initial level (30 MPa) to the static
friction (~38 MPa), and then drops to the dynamic friction (~27.3 MPa) over
certain amount of slip after yielding.

Figure 4. (a and b) The initial normal and shear stress profiles along dip direction through the center of the bump for
various bump heights. (c) The profiles of estimated yield stress in RSF law. (d) The variation of stress quantities at the
most compressive location (at 10.5 km along dip) on the bump as a function of the height of the bump, including initial
normal stress σn, the initial shear stress τ0, the yield stress τu estimated by the SW law, and the yield stress τu estimated by
the RSF laws.
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We assume a pure-thrust faulting stress environment with the minimum principal effective stress σ3 in the
vertical direction, the intermediate principal effective stress σ2 in the strike direction, and the maximum
principle effective stress σ1 perpendicular to the strike direction in the horizontal plane. All three principal
stresses are assumed to be linearly increasing from the free surface to 2 km at depth. In particular, σ3 is
the lithostatic pressure minus hydrostatic pore pressure. Below 2 km at depth, effective principal stresses
are assumed constant due to overpressurization. The initial normal stress σn and initial shear stress τ0 on
the fault are assigned by resolving the effective stress tensor onto the fault surface. On the planar part of
the fault, σ1 and σ3 are constructed as follows to provide certain effective compressive normal traction and
shear traction,

σ1 ¼ σn þ
τ0

tan θ
; (2)

σ3 ¼ σn # τ0 tan θ: (3)

Specifically, we assume constant effective normal traction as 50 MPa and constant shear traction as 30 MPa at
depth below 2 km, which correspond to σ1 = 102 MPa and σ3 = 32.6 MPa. On the nonplanar part, the fault
surface orientation varies spatially and gives heterogeneous local effective normal and shear tractions.

Figure 1. The nonplanar part of the thrust fault model. The locally curved shape of the mesh represents a circular bump on
the fault surface centered at 9 km along dip from the fault trace (not shown here). Note that the fault is embedded in a
three-dimensional finite element domain.

Figure 2. The profile of background (a) initial normal stress along dip direction, (b) initial normal stress, and (c) initial
shear stress in the vicinity of the seamount, respectively. The black circles and red stars in (b) and (c) denote the circular
boundary of the bump on the fault and the hypocenter where rupture begins, respectively.
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• Dynamic friction in SW vs. RSF:
– SW: constant

– RSF: 
ülower at front
üHigher behind

(healing)

lumped parameter representing all kinds of energy dissipated in the cohesive zone, the fracture energy is
defined as the work done against the friction excess [τ(δ) ! τd] over the critical distance d0:

gc ¼ ∫
d0

0 τ δð Þ ! τd½ &dδ (18)

where τ(δ) is the friction as a function of slip. For the SW law with a linear function for τ(δ), gc ¼ 1
2

τu ! τdð Þd0 . The RS-A law can yield the same fracture energy if the stress-slip curve matches the one
in the SW law. For the RS-S law, Ampuero and Rubin (2008) analyze theoretically the fracture energy
by integrating equation (18) and show that the equivalent SW critical distance dRS!S

0 in the sense of frac-
ture energy is proportional to the characteristic slip parameter L. In the light of their work, dRS!S

0 is
approximately twice of L. Here we integrate gc numerically for both the RS-S and RS-FH laws and find
that L = 0.08 m, a value slightly less than half of d0 in the SW law, makes the fracture energies for both
RS-S and RS-FH laws equivalent to the ones in the SW and RS-A cases.

Besides the fracture energy, we observe in practice that the rupture speed is also sensitive to the level of
dynamic friction coefficient, which is a constant value in the SW law but a variable quantity in the RSF laws
controlled by frictional parameters (a ! b) and local slip velocities. A theoretical dynamic friction level for
the RS-A law equivalent to the SW law is given by Bizzarri and Cocco (2003), which is defined at the moment

when slip reaches the aforementioned equivalent critical slip distance dRS!A
0 in the RSA law. However, unlike

the SW law, the dynamic friction coefficient in all RSF laws is time variable and thus shows spatial heteroge-
neity as the rupture grows. Figure 5 compares the friction coefficient distribution on a reference, planar fault
(i.e., the bump is removed) with the four friction laws at 4 s, and all of them show a ruptured area at a dynamic
friction coefficient level around 0.55. This quantity is exactly 0.55 in the SW law and uniformly distributed over
the SW ruptured area. However, in all RSF cases it varies spatially inside the ruptured area. Part of the RSF rup-
tured area, mainly at the center, has a dynamic friction coefficient slightly higher than 0.55, while the rest of
the ruptured area, mainly close to the rim of the ruptured area, has a dynamic friction coefficient slightly
lower than 0.55. Such spatial distribution comes from the fact that as slip increases, the RSF in the cohesive
zone first drops to a relatively lower level and then rises back to a slightly higher level. As pointed out by

Figure 5. Spatial distributions of the dynamic friction coefficient in various friction laws at 4 s. The solid and dashed lines
denote the leading and trailing edges of the propagating rupture front, respectively. The area within the dashed line has
been ruptured at this moment and is sliding with spatially varying dynamic friction coefficient below 0.56. The area
outside the dashed line has friction coefficient above 0.56 and is not color-coded, including the intact area outside the solid
line and the cohesive zone between the solid line and the dashed line.
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Friction law effects on multicycle dynamics of EQ gates: 
Duan et al. (2019)

• A 2D multicycle dynamic model

C - 1 

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.�
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Duan & Oglesby (2005, JGR)



Aksay Bend along the Altyn Tagh Fault (ATF)

• A double restraining bend: 2 strands overlap ~200 km long

• As an EQ gate: Can it be open (rupture through)? How often?

• Slip-weakening law vs. slip- & rate-weakening law (w/ healing)

equation (5b) has the same form as equation (5a). The critical slip distance d0 and the static friction
coefficient fs in equation (5a) are replaced by the critical velocity v0 and the restrengthening friction
coefficient fr in equation (5b), respectively. Thus, equation (5b) is a linear rate‐weakening friction law.
The friction coefficient for any value of slip d and slip velocity v is the greater of the two coefficients of
friction determined from the slip‐weakening law and the rate‐weakening law, as given in equation (5c).
By taking the greater, the frictional coefficient essentially follows the slip‐weakening law at the early stage
of sliding for the breakdown process while follows the rate‐weakening law at the late stage of sliding for
the restrengthening process. Figure 2 illustrates a typical path for the variation of the frictional coefficient
with both slip d and slip velocity v during sliding from this slip‐ and rate‐weakening friction law. This
slip‐ and rate‐weakening friction law is the same as one of two friction models (the other being the slip‐
weakening law) in Aagaard et al. (2001) and is similar to that in Madariaga et al. (1998). In Madariaga
et al. (1998), a linear form of slip weakening while a nonlinear form of rate weakening was adopted, and
the greater of the two coefficients was taken.

2.3. Multiple Earthquake Cycle Simulation

In this study, a complete earthquake cycle is simplified to consist of an interseismic process and a coseismic
rupture process. For the interseismic process, I use the above viscoelastic model to analytically solve the fault
stress evolution. For the coseismic process, I use the FEM code EQdyna to solve the spontaneous rupture
problem. The multiple earthquake cycle simulation starts from the first interseismic process with zero shear
stress (except at one node as the prescribed hypocenter for the first event) and an ambient normal stress (σa

in equation (2)) on the fault. The shear and normal fault stresses evolve according to equations (1) to (3).
When shear stress at one node on the fault system reaches shear strength, I stop the first interseismic pro-
cess. The shear and normal fault stresses at this moment are used as the initial stresses for the first dynamic
event, which is numerically solved by EQdyna. After the completion of the first dynamic rupture process and
seismic waves propagate away from the fault, I stop the first dynamic rupture simulation, and the first earth-
quake cycle is finished with the frictional coefficient being reset to the static value. Then the second‐cycle
interseismic process starts with the residual stress of the first dynamic event. When there is one node reach-
ing the shear failure criterion, the second interseismic process stops and the second dynamic event starts.
Notice that the location of the initiation point for the second dynamic rupture event is no longer prescribed.
Instead, it is a calculated result of the stress field on the fault. The interseismic and coseismic processes as in

Figure 2. A typical trajectory (the blue line) of the frictional coefficient at a fault point during the coseismic dynamic rup-
ture process governed by the slip‐ and rate‐weakening friction law. The coefficient of friction f decreases from the static
value fs to the dynamic value fd over the critical slip distance d0 at the early stage of sliding and increases to the
restrengthening value fr when the slip rate drops below the critical velocity v0 at the late stage of sliding.
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stresses to spontaneously evolve over multiple earthquake cycles and provides a means to obtain the initial
fault stresses for dynamic ruptures that are consistent with both fault geometry and rupture histories. Duan
and Oglesby (2005, 2006, 2007) applied the method to explore multicycle dynamics of idealized faults with a
single bend, step over, or branch and found that heterogeneous fault stresses near these structural
complexities and rupture histories play a critical role in rupture behavior on these faults. Duan (2019)
improved the method for idealized faults with more than one complexity in fault geometry.

Application of the multicycle dynamic model to real fault systems may provide new insights into the
potential and mechanisms of large multifault ruptures on realistically complex faults. Multistranded
restraining bend systems are common on strike‐slip faults around the world (Cunningham & Mann, 2007;
e.g., the Anyemaqen bend of the Kunlun fault, Harkins et al., 2010; the Lebanese restraining bend of the
Dead Sea fault, Gomez et al., 2001; the San Gorgonio Pass of the San Andreas fault, Yule, 2009) and have
been inferred to exert control on the extents of earthquake ruptures, or impose “segmentation” on the fault's
rupture behavior (e.g., Dair & Cooke, 2009; Magistrale & Sanders, 1996; Yule & Sieh, 2003). The 1800‐km‐
long Altyn Tagh fault (ATF) in western China is punctuated by at least four major restraining bends along
its otherwise linear trace. The easternmost of these, the Aksay bend, represents an ideal natural laboratory in
which to test our models of earthquake behavior, as it serves as both a restraining bend and step over in the
fault system (Figure 1). The ATF zone represents a major boundary between the Tarim Basin to the north
and the Tibetan Plateau to the south (e.g., Meyer et al., 1998; Molnar & Tapponnier, 1978), which slips at
~ 10 mm/year (Cowgill et al., 2009). The roughly 200‐km‐long Aksay bend comprises two active fault
strands, which are separated by >5 km (Elliott et al., 2018; Meriaux et al., 2005; Figure 1). The two fault
strands change strike through the bend, forming a transpressional regime manifested as a local zone of
mountains with peaks over 5.5 km high. Magnetotelluric imaging shows that the two strands remain distinct
and vertical zones throughout the seismogenic upper crust (Xiao et al., 2017). We seek to understand rupture
patterns that occur around the Aksay bend of the ATF over multiple earthquake cycles and the mechanisms
and probability for ruptures to jump from one strand to the other, using the multicycle dynamic models of
this real fault system.

To aid in interpreting results of multicycle dynamic models of the Aksay bend, a companion paper (Duan,
2019) as the first of a two‐part series works on a restraining double bend that is simplified from the Aksay
bend, by ignoring secondary features such as local changes in fault strike around and within the Aksay bend
and instead focusing on the salient geometric symmetry. In addition, that paper also improves the method
proposed by Duan and Oglesby (2005, 2006) by adopting a new scheme for the transition from the interseis-
mic period to the coseismic period of the earthquake cycle, and a slip‐ and rate‐weakening friction law for
the coseismic dynamic rupture simulation. That paper focuses on the overall rupture patterns of the

Figure 1. The Aksay bend of the Altyn Tagh fault in northwest China, showing the twomajor overlapping left‐lateral fault
strands at this double bend and step over. Symbols indicate how model vertices and interpolated spline compare to the
detailed fault tracemapped from submeter resolution satellite imagery. Straight gray lines indicate themain domain of our
multicycle dynamic models. Inset gives the tectonic setting of the Altyn Tagh fault. SATF = south strand of the Altyn Tagh
fault; NATF = north strand of the Altyn Tagh fault.
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geometry within the double bend, in particular those that align relatively well with the regional strike (e.g.,
IIS and IIN), play important roles in rupture dynamics of the fault system, particularly for some ruptures to
jump across the double bend from one strand to the other.

2.3. Model Parameters

We examine a set of models with variations in major parameters, including different types of friction law,
different values of viscosity, and different critical velocity values in the slip‐ and rate‐weakening law.
These major parameters could exert significant effects on multicycle dynamic rupture behavior as shown
in a simplified double bend fault model (Duan, 2019), and they are relatively less constrained from observa-
tions than other model inputs such as fault geometry and loading rate. By varying these parameters, we can
find common rupture behaviors that are robust, while differences among these models provide us with a
range of possible rupture behaviors at the double bend. Other model parameters are largely the same among
the set of models. We assume a uniform elastic material for the coseismic dynamic rupture model, with typi-
cal midcrust rock properties of density of 2,670 kg/m3, P wave velocity of 6,000 m/s, S wave velocity of
3,464 m/s, and Possion's ratio of 0.25. For the 2‐D models, we choose an ambient normal stress of
100 MPa, which corresponds to the effective normal stress at about 6 km depth. We also choose the typical
value of the static frictional coefficient of fs = 0.7 (Byerlee, 1978). By test runs for reasonable slip magnitudes
of large events, we choose the dynamic frictional coefficient of fd = 0.63 and the restrengthening friction
coefficient fr = 0.67 for the slip‐ and rate‐weakening law, while keeping the same fd = 0.63 for the slip‐
weakening law. We remark that one may choose another set of the frictional coefficients with lower values
and what matter in the models are the relative values of these frictional coefficients. A loading rate of

Figure 2. Fault geometry of the Askay bend and the tectonic loading direction (the maximum shear strain rate direction)
in our multicycle dynamic models. Fault model vertices in Figure 1 are used to generate smooth fault geometry by the
natural cubic spline function (solid curves), which matches well with the linear interpolation (dashed lines) of the vertices
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 ourmodels. (a) Fault geometry with exaggeration in the y direction to show details of secondary
complexities (i.e., local undulations) in fault geometry. Three categories of locations are labeled to facilitate discussion:
I = favorable locations for rupture initiation; II = relatively well‐oriented portions within the largely misaligned bend;
III = severely misaligned portions. (b) Fault geometry with the same scale in the x and y directions to show actual fault
geometry. SATF = south strand of the Altyn Tagh fault; NATF = north strand of the Altyn Tagh fault.
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Slip-weakening vs Slip-&Rate-weakening
• Slip-weakening: no healing ~ 

larger jumping probability

(Models D and E). Compared with the slip‐ and rate‐weakening Model A, the slip‐weakening Model B
(Figure 4a) has far fewer meaningful events for a given number of cycles (i.e., 300 cycles). Large or
jumping events in Model B have larger slip amplitudes than those in Model A. Within 300 cycles, we have
21 large or jumping events overall on the fault system, including four jumping events (red event numbers in
Figure 4a) with a recurrence interval of about 8,000 years. The average interval between events is about
4,400 years on the stem of the SATF and 2,800 years on the stem of the NATF if we separately examine
the two strands. Similar to Model A, the two short segments (IIS and IIN) within the bend rupture
individually in small events or together with the stem segments in large or jumping events.

The main obvious effect of a smaller v0 (Model C, Figure 4b) is that the potential of jumping ruptures is
reduced. There is only one jumping rupture (Event #180) in Model C, while there are two in Model A within
300 cycles. Other event and rupture pattern features, including average time intervals on the stem segments
and alternating ruptures on the two stem segments, are similar to those in Model A.

Viscosity effects on event and rupture patterns are shown in Figure 5 in comparison with Figure 3. Within
300 cycles, there are four jumping ruptures in the lower viscosity model (Model D, Figure 5a) and five
jumping ruptures in the higher viscosity model (Model E, Figure 5b). The four jumping ruptures in Model
D are separated by alternating ruptures on the two strands, while jumping ruptures tend to occur consecu-
tively as pairs in Model E (Figure 5b) if we ignore small events. Other events in both Models D and E are
large events that rupture one stem segment with possibly one or two short segments (IIS and IIN) within
the bend. Generally, higher viscosity (Model E) allows ruptures on each strand to penetrate further into
the corresponding bend segment than lower viscosity (Model D). The average recurrence interval is about
3,800 years on the stem segment of the SATF and 2,600 years on the stem segment of the NATF in Model

Figure 4. Spatial and temporal distributions of earthquake slip on the Aksay bend fault system over 300 cycles from (a) Model B with the slip‐weakening law and
(b) Model C with a smaller critical velocity value v0 = 0.2 m/s, compared with Model A. There are more jumping ruptures in (a) and few jumping ruptures in
(b) within the same number (300) of cycles, comparedwith Figure 3. The fault geometry is given at the bottom of the two panels. See the caption of Figure 3 for other
details. SATF = south strand of the Altyn Tagh fault; NATF = north strand of the Altyn Tagh fault.
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3.9 × 10−15/s is chosen as the maximum shear strain rate γ that operates along the regional fault strike (e.g.,
parallel to the x axis), based on a recent study of InSAR measurements in the region (Zhu et al., 2016).

A minimum value of viscosity of 1.8 × 1022 Pa s, below which earthquake ruptures cannot happen, exists for
the above given values of loading rate, ambient normal stress, and static friction coefficient (Duan, 2019;
Duan & Oglesby, 2005). Following Duan (2019), we run multicycle dynamic models with three values of
viscosity 2.2 × 1022, 2.5 × 1022, and 2.8 × 1022 Pa s in this study. These values give a range of rupture behavior
of the fault system as shown later. We also test two values of the critical velocity v0 in the slip‐ and rate‐
weakening law, 0.2 and 1.0 m/s, to examine possible effects of v0 on rupture behavior. With these variations,
we summarize the set of models in Table 1. Here we consider Model A as the base model, and other models
as variations from it. Other parameters in the models include the nucleation patch size of 4 km, the fixed
rupture velocity of 2 km/s within the nucleation patch, and the element size of roughly 200 m in the main
model region that surround the fault system.

3. Results

We first report the overall event and rupture patterns of the Aksay bend from the set of models. Then we
examine dynamic rupture propagation processes and fault initial stress conditions of typical large earth-
quakes on the double bend fault system, including those ruptures that jump across the double bend.
Finally, we examine slip rate distributions on the fault system from the models.

3.1. Event and Rupture Patterns of the Aksay Bend over Multiple Cycles

Event and rupture patterns of the Aksay bend over multiple earthquake cycles from the five models in
Table 1 can be analyzed from Figures 3–5, which show spatial and temporal slip distributions over 500 cycles
(Model A) or 300 cycles (Models B–E). In these figures, we only plot those events whose maximum slip is 1 m
or larger, and we term these as meaningful rupture events in the models. We identify three types of mean-
ingful events. The first type is jumping ruptures. We define a jumping event as a rupture that propagates onto
both stem segments (and possibly other portions of the fault system). The second type is large events, in
which one of the two stem segments ruptures but not both. The third type is small events, in which only
one or more short segments rupture. These short segments may also be ruptured in the first and second types
of events. All other events are tiny events that cannot grow outside the 4‐km‐long nucleation patch, and we
exclude them in our analysis. Furthermore, in quantitative analyses of jumping probability and slip rates, we
exclude early ruptures that are still within the spin‐up period of the models. We first examine the baseModel
A and then analyze the other models.
3.1.1. The Base Model A
We run 500 cycles for Model A. There are only four meaningful ruptures within the first 51 cycles, as shown
in Figure 3, and all of them rupture a small portion of the stem segment of the NATF. The first meaningful
rupture on the SATF is Event #58 on its stem segment. The 62nd event ruptures the stem segment of the
NATF and a short segment (i.e., IIS in Figure 2a) of the SATF. As the fault system undergoes more earth-
quake cycles, ruptures on a stem segment can penetrate into its corresponding bend segment further and
often trigger some slip on the other bend segment (mainly IIS and/or IIN in Figure 2a).

Table 1
Models, Their Parameters, and Jumping Probabilities Reported in This Study

Model/parameters,
results Friction law v0 (m/s) d0 (m) Viscosity η (Pa s)

# of jumping
events

# of large and
jumping events

% of jumping
events

A Slip and rate 1.0 0.5 2.5 × 1022 5 63 7.94
B Slip only — 0.5 2.5 × 1022 4 19 21.05
C Slip and rate 0.2 0.5 2.5 × 1022 1 33 3.03
D Slip and rate 1.0 0.5 2.2 × 1022 4 29 13.79
E Slip and rate 1.0 0.5 2.8 × 1022 5 29 17.24
All 5 models 19 173 10.98
4 models (without B) 15 154 9.74
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of the fault system as shown later. We also test two values of the critical velocity v0 in the slip‐ and rate‐
weakening law, 0.2 and 1.0 m/s, to examine possible effects of v0 on rupture behavior. With these variations,
we summarize the set of models in Table 1. Here we consider Model A as the base model, and other models
as variations from it. Other parameters in the models include the nucleation patch size of 4 km, the fixed
rupture velocity of 2 km/s within the nucleation patch, and the element size of roughly 200 m in the main
model region that surround the fault system.

3. Results

We first report the overall event and rupture patterns of the Aksay bend from the set of models. Then we
examine dynamic rupture propagation processes and fault initial stress conditions of typical large earth-
quakes on the double bend fault system, including those ruptures that jump across the double bend.
Finally, we examine slip rate distributions on the fault system from the models.

3.1. Event and Rupture Patterns of the Aksay Bend over Multiple Cycles

Event and rupture patterns of the Aksay bend over multiple earthquake cycles from the five models in
Table 1 can be analyzed from Figures 3–5, which show spatial and temporal slip distributions over 500 cycles
(Model A) or 300 cycles (Models B–E). In these figures, we only plot those events whose maximum slip is 1 m
or larger, and we term these as meaningful rupture events in the models. We identify three types of mean-
ingful events. The first type is jumping ruptures. We define a jumping event as a rupture that propagates onto
both stem segments (and possibly other portions of the fault system). The second type is large events, in
which one of the two stem segments ruptures but not both. The third type is small events, in which only
one or more short segments rupture. These short segments may also be ruptured in the first and second types
of events. All other events are tiny events that cannot grow outside the 4‐km‐long nucleation patch, and we
exclude them in our analysis. Furthermore, in quantitative analyses of jumping probability and slip rates, we
exclude early ruptures that are still within the spin‐up period of the models. We first examine the baseModel
A and then analyze the other models.
3.1.1. The Base Model A
We run 500 cycles for Model A. There are only four meaningful ruptures within the first 51 cycles, as shown
in Figure 3, and all of them rupture a small portion of the stem segment of the NATF. The first meaningful
rupture on the SATF is Event #58 on its stem segment. The 62nd event ruptures the stem segment of the
NATF and a short segment (i.e., IIS in Figure 2a) of the SATF. As the fault system undergoes more earth-
quake cycles, ruptures on a stem segment can penetrate into its corresponding bend segment further and
often trigger some slip on the other bend segment (mainly IIS and/or IIN in Figure 2a).
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# of jumping
events

# of large and
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% of jumping
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Multiple EQ gates along ATF: Liu & Duan, 2019 AGU

• Friction level matters: 
üHigh static friction 0.7: occasionally super-large ruptures (open of multiple EQ gates)
üLow static friction 0.3: many super-large ruptures
ülow static friction effectively diminishes geometrical effects  ~ EQ gates open easily, 

but may not be real (too many super-large events)!

Geometric complexities are common in natural fault systems. Earthquake ruptures
may halt at or propagate through these complexities, i.e., earthquake gates,
depending on the geometry and stress/strength conditions that vary with rupture
history. Thus, they control total rupture lengths and sizes of earthquakes and their
frequency. The Pingding segment of the central Altyn Tagh Fault in northwest China
has one group of four major earthquake gates along the fault. In this study, we use a
2D finite element method to model multicycle dynamics of the 200 km Pingding
segment, which includes two earthquake gates of a 4-km releasing step-over and a
prominent restraining bend from east to west. The 2D method consists of a finite
element model for coseismic spontaneous ruptures and an analytic viscoelastic model
for interseismic fault stress evolutions and off-fault deformation. We explore the
interactions between earthquake gates and key mechanical factors of the fault system
such as static friction level and viscosity. Rupture scenarios, dynamics of super-large
events that break through earthquake gates, and their occurrence rates are reported.
The combination of the earthquake gates makes super-large events that break
through both earthquake gates rare but possible at a rate of 3-6% event-wise,
regardless of the overall static friction level of the fault system. The overall static
friction level of the fault system affects multicycle earthquake dynamics. A lower
friction, i.e., lower shear strength, tends to reduce the effectiveness of the restraining
bend to impede ruptures. In a simplified view that the plate motion (strain
accumulated by tectonic loading) is partitioned between earthquake slips on the fault
and off-fault deformation, the system with a lower static friction would host a larger
portion of the deformation by earthquakes, resulting in higher long-term slip rate
compared to that in the system with a high static friction. The viscosity affects the
dynamics of the fault system. If mechanisms represented by high viscosity dominates
in the system, stress heterogeneity induced around earthquake gates would be more
easily preserved, which increases the effectiveness of earthquake gates to impede
ruptures and leads to fragmented rupture pattern. If the system shows a low viscosity,
super-large ruptures may be common due to the effective relaxation of the fault
geometry related stress heterogeneity. By comparing numerical results to
paleoseismological data and long-term slip rate from various sources, the Pingding
segment may have a low static friction level or a high static friction with a relatively
higher viscosity. Super-shear rupture speed approaching the step-over from the east
may remotely (40 km apart) trigger ruptures west to the Pingding Shan, which is the
dynamics of one type of super-large events.
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Fault Geometry

Figure 1. Geometries of the Pingding Shan earthquake gates along the central Altyn
Tagh Fault, which is a left-lateral strike slip fault extending 1000 km in northwest
China. White dots are the measured fault geometry (V Prush and M Oskin,
personnel communication and Mériaux et al., 2012). The red dots are about every 4
km along the strike to capture first-order macroscopic geometric complexity. They
are used to generate finite element model meshes with cubic spline function (Duan
et al., 2019). Two main earthquake gates are involved, which are a prominent 26˚
restraining bend southwest to the Pingding Shan and a 4-km releasing step-over.

Finite Element Method to Simulate 
Multi-cycle Earthquake Dynamics

The method includes an analytical viscoelastic solution to approximate tectonic loading and
viscoelastic and off-fault deformation and a finite element coseismic spontaneous rupture
model using EQdyna (e.g., Duan and Oglesby, 2006; Duan, 2019; Duan et al., 2019).
Assuming the region is under pure shearing and the maximum shear strain rate is 𝛾, the
normal 𝛾 and shear loading rate 𝛾 are calculated by eq (1) and (2). Normal and shear
stresses evolve based on eq (3) and (4).

𝛾 = 𝛾 sin 2𝜙 1 ,

𝛾 = 𝛾cos 2𝜙 2 ,

𝜎 𝑡 = 𝜎 − 𝜂𝛾 exp −
𝜇
𝜂
𝑡 + 𝜂𝛾 3 ,

𝜎 𝑡 = 𝜎 − 𝜎 − 𝜂𝛾 exp −
𝜇
𝜂
𝑡 + 𝜂𝛾 + 𝜎 4 .

𝜇 is shear modulus, 𝜂 is viscosity, 𝜎 is the ambient stress, 𝜙 is the angle difference
between the fault local strike and the maximum shear direction.

The friction law used in dynamic ruptures is the slip- and rate- weakening law (Duan, 2019) in
the following form

𝑓 (𝑑) = 𝑓 −
(𝑓 −𝑓 )𝑑

𝑑
, 𝑑 ≤ 𝑑

𝑓 , 𝑑 > 𝑑

𝑓 (𝑣) = 𝑓 −
(𝑓 −𝑓 )𝑣

𝑣
, 𝑣 ≤ 𝑣

𝑓 , 𝑣 > 𝑣
𝑓 𝑑, 𝑣 = max(𝑓 𝑑 , 𝑓 (𝑣))

𝑓 , 𝑓 , 𝑓 are static, dynamic and restrengthening friction coefficient, respectively. 𝑑 , 𝑣 are
critical slip distance and critical slip velocity in the slip- and rate- weakening law.

Key Parameters

Parameter Value
Loading rate 𝛾 3.9 × 10 /s

Equilibrium stress 𝜎 -50 MPa

Viscosity 𝜂 8.3-25 × 10 Pa s

Shear modulus 𝜇 3.2 × 10 Pa

Density 𝜌 2670 kg/𝑚
𝑉 6000 m/s

𝑉 3464 m/s

Static frictional coefficient 𝑓 0.7/0.3

Dynamic friction coefficient 𝑓 0.63/0.23

Restrengthening friction 𝑓 0.67/0.27

Critical slip distance 𝑑 0.5 m

Critical slip velocity 𝑣 1.0 m/s

Nucleation patch radius 2 km
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Figure 2. Geometries of the whole Altyn Tagh Fault. Four major earthquake gates are present. They are the Sulamu Tagh, Akato Tagh, Pingding Shan and
Aksay gates from west to east. Multicycle dynamics along the Aksay gates are explored in Duan (2019) and Duan et al. (2019). This work focus on the effect of
the Pingding Shan earthquake gates.

Model Friction Viscosity 𝜂 (Pa s)

A High 2.5 × 10
A1 High 3.0 × 10
B Low 2.5 × 10
B1 Low 8.3 × 10

Figure 3. Slip distributions of meaningful events (maximum slip over 1
m) in Model A during the first 15 kiloyears (a) and in the second 15
kiloyears (b). The fault geometry is shown at the bottom of each panel.
The geometry in fault-normal direction and slip are in the unit of per 10
m. Event numbers are shown on the right side of each panel. Though
the effectiveness of two earthquake gates, the restraining bend and
the releasing step-over, to stop ruptures, super large events that break
the whole fault are rare but possible.

A B
Figure 4. Slip distributions of meaningful events (maximum slip over 1 m) in 
Model B during the first 7.5 kiloyears (a) and in the second 7.5 kiloyears (b). 

Different Models

� A lower friction tends to reduce the effectiveness of the restraining bend
to impede ruptures due to lower shear strength. For example, if the normal
stress ranges from 100 to 150 MPa, the shear strength would range from
70 to 105 MPa, a 35 MPa difference in Model A while it would range from
30 to 45 MPa, a merely 15 MPa difference, in Model B, which smoothens
out the geometrically related stress heterogeneity.

#464 in Model A.

Figure 5. Long-term slip rates of
four models. Given estimates of slip
rates from various datasets, the slip
rate in this region is around 9-14
mm/yr (Mériaux et al., 2012 and
references therein). Thus Model B
stands out in our results, which may
indicate an overall low friction
environment. However, we note that
a higher viscosity, i.e., less off-fault
damage and relaxation, will fit a

high friction model to the data (see the trend inferred by Model A and A1)

Clues from paleoseismology: the Xorxoli segment may have host two to three
events that may include the Xorxoli earthquake occurred between A.D. 1270 and
1430, the penultimate Xorxoli event between 400 and 1000 B.C., and a potential
intermediate event. For the northwest segment, the Kulesayi earthquake occurred
between A.D. 1215 and 1750 and the barely known penultimate Kulesayi event that
occurred between 200 B.C. and A.D. 1295. The recurrence rate of earthquakes on
the Xorxoli segment is about 1 kyrs. Comparing numerical results to the
observation, Model B stands out as the best fit.

Washburn et al. (2001) infer that a super-large event that ruptured both the Xorxoli
and Kulesayi segments is unlikely because of the two earthquake gates - the
prominent restraining bend and the 4 km releasing step-over. Based on results from
our models, super-large earthquakes that break all the Kulesayi, Pingding, and
Xorxoli segments are indeed rare but they are possible occurring at a rate 3-6%.
The Kulesayi and Xorxoli could individually host large earthquakes and,
occasionally, break in a single super-large event. We couldn’t rule out the possibility
of a super-large event happening between A.D. 1270 and 1430. But overall, the
combinations of the two earthquake gates – the Pingding restraining bend and the
4 km releasing step-over – are very effective in preventing through-going ruptures.
Regardless of the huge difference in slip rates, both Model A and B show a very low
occurrence rate of super-large events event-wise.

Figure 7. Slip distributions of meaningful events for the whole Altyn Tagh Fault with
the high friction level. Due to the smooth rupture on the straight 200 km Xorxoli
segment that connects Pingding Shan and Aksay bends, the rupture speed is
generally high and super-shear when reaching the Pingding Shan gates, leaving
which more frequently open for ruptures than does the Model A.

#915 in Model A. #302 in Model B.
Figure 6. Rupture details of #464 and #915 in Model A and #302 in Model B. Super-
large ruptures that break both Pingding Shan earthquake gates are of our most
concern. They are rare but possible at a rate of 3-6% event-wise. The stresses of
the fault system will reach a steady state after many cycles, leaving some segments
(local releasing bends) very easily being triggered to rupture, as indicated by arrows
in the figures.

Steady state stresses.



Concluding Remarks

• Equivalence of friction laws in single-event dynamic ruptures of planar faults 
may not hold for geometrically complex faults.
• Equivalent slip-weakening distance w/ different fracture energy could result 

in different jump width for stepover faults.
• Even with comparable fracture energy, different yield stress evolution, 

different slip-weakening slope & dynamic friction could result in different 
barrier effects of non-planarity.
• Over multiple earthquake cycles, friction laws can obviously affect EQ gate 

behavior.
• Low static friction effectively diminishes geometrical effects, making 

ruptures on geometrically complex faults much easier, which may be 
unrealistic. 



Thank You !


