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the lower segment, leading to a !CFS decrease on the
overlapping region of the upper segment. There is a small
region of positive !CFS ahead of the overlapping region,
including a very small region near the downdip edge that is
above the threshold for failure (!CFS > 2.5 bars). Although
the separate contributions from shear and normal stress are
not shown in Figure 4, roughly speaking the reason for the
!CFS pattern is as follows: In the regions of the upper fault
plane that overlap the slipping regions of the lower segment,
both shear and normal stress are reduced, whereas the
pattern is opposite in the nonoverlapping regions. However,
the shear stress increment is larger than the normal stress
increment, leading to the !CFS pattern shown. This effect
has also been seen in models of the 1992 Hector Mine
earthquake by Li et al. [2003]. At roughly t = 14.5 s, the
rupture front on the lower segment hits the edge of the
lower segment. A short time later, strong dynamic waves are
radiated to the upper segment. These waves are primarily
stopping phases due to the rapid deceleration of the rupture
front [Madariaga, 1977; Spudich and Frazer, 1984]. These
stopping phases cause a large and growing portion of
the upper fault plane to be brought above its failure stress
(t = 15.3 s, t = 18.0 s). Later in the simulation (t = 23.0 s),
the dynamic waves propagate along the upper segment,
separating out from the region near the edge of the lower
segment that experiences a strong static CFS increase. At
the end of the simulation (t = 40.0 s), the dynamic stress
waves have left the model region, leaving only an area of
increased CFS near the edge of the lower segment. This last
frame corresponds to the static solution that would be
calculated from the lower segment slip in Figure 3. It is
important to note the difference between the final static
stress pattern and the time-dependent/dynamic stress pattern
in the previous snapshots. The implications of this differ-
ence will be discussed in the individual cases below. In all
cases, we will first analyze the static stress field resolved on
the upper fault segment, and address whether the full
dynamic analysis bears out the predictions of the static
analysis.

3.2. A 10 km Overlap

[18] The time-dependent stress field on the plane of the
upper segment is shown in Figure 4, with the outline of
the upper fault segment shown by the thickly dashed box.
The static field (t = 40.0 s) shows a large area of the upper
segment would be brought above the failure threshold, with
this area extending from 10 to around 15 km along the
strike. To determine if this prediction holds true, we
performed a full dynamic analysis with both fault segments
present. The final slip distribution for this model is shown in
Figure 5. The dynamic rupture model largely agrees with
the static analysis. The rupture jumps from the lower to the
upper fault segment at almost exactly the location predicted
above: right next to the termination of the lower segment.
The time of rupture is very shortly after the rupture hits the
end of the lower segment. The observation that the rupture
does not jump while propagating through a homogeneous
stress distribution is not surprising, as rupture front accel-
eration produces strong high-frequency radiation, while
rupture at a constant velocity does not [Madariaga, 1977].
The termination of rupture at the right edge of the lower
segment corresponds to a large deceleration of the rupture

front, which produces strong stopping phases that could
trigger failure on the upper segment. However, an alterna-
tive (static) explanation is simply that only when the entire
lower segment failed did enough slip accumulate to cause
the static stress increment on the upper segment to be strong
enough to trigger rupture there. Indeed, a model in which
the rupture nucleates in the overlapping region of the lower
segment (the middle star in Figure 1) also causes rupture to
jump to the upper segment, even though the resultant
dynamic waves hitting the upper segment are much smaller.
Later models will help to determine the relative importance
of the static and dynamic effects in the ability of rupture to
jump.
[19] The slip resulting from the dynamic model shows

that an overlap between the fault planes displays a two-way
interaction between the fault segments. After rupture jumps
to the upper fault, it propagates over the entire upper fault,
including the negative !CFS region where the two faults
overlap. The upper segment has reduced slip in this region,
consistent with the reduced stress drop. In addition, slip on
the upper segment increases the compressive normal stress
and decreases the shear stress on the overlapping region of
the lower segment. This effect slightly decreases lower fault
slip in the overlapping region. The net result is a system
where slip is essentially partitioned between the two fault
segments in the areas over which they overlap. In this
model, where the lower fault nucleated first, the lower fault
ends up with more of the slip in the overlapping region.
Simulations with initial rupture nucleation on the upper
fault segment (The top right star in Figure 1) but with
unchanged stresses produce rupture that jumps to the lower
segment. In such cases, however, slip is much lower on the
overlapping region of the lower segment, due to that part of
the lower segment rupturing later and being in an extreme
stress shadow of the upper segment. In all cases the total
slip (both segments added together) in the overlapping

Figure 5. Slip pattern on the upper and lower segments
calculated with the dynamic method for the case of a 10 km
overlap along strike. The axes are the same as in Figure 3.
Note the reduced slip on both segments in the overlapping
region.
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dip of 20!. Both segments are 40 km along strike. We vary
the degree of fault overlap by moving the upper fault
segment along strike with respect to the lower one. The
fault and material parameters are summarized in Table 1.
These material parameters are generic values for typical
midcrustal rocks. Our frictional coefficients are chosen
(along with the shear and normal stresses) to give a 30 bar
stress drop for the lower fault segment. Since the stress drop
(rather than the absolute stresses) largely determines the
dynamics of the system, the absolute values of these
quantities are not necessarily significant. For simplicity,
the initial stresses correspond to a constant tectonic field
(thrust-directed; no vertical shear stress) that is resolved
separately onto each fault segment. Although homogeneous
stresses usually result in much smoother slip distributions
than are typically seen in nature, they allow us to isolate the
fault-geometrical effects of interest. The shear and normal
stresses are 130 bars and 200 bars, respectively, on the lower
fault, and 175.15 bars and 253.81 bars, respectively, on the
upper fault. The normal stress on both faults should be
interpreted as an effective normal stress, including the effects
of pore fluid pressure: it is less than what would be inferred
by lithostatic stress alone. Because of its orientation, the
upper fault is initially more favored for rupture than the
lower fault. The difference between the two fault stresses can
be most easily seen in the relative fault strength S [Das and
Aki, 1977], which is defined as

S ! ty " t0
t0 " tf

; #2$

where ty = "mstaticsn is the yield stress on the fault, t0 is
the initial shear stress, and tf = "mslidingsn is the sliding
frictional stress. Since both faults have mstatic = 0.7 and
msliding = 0.5, the lower fault has an S value of 0.33, and
the upper fault has an S value of 0.052. As will be shown
later, this very low initial value of S for the upper fault has
important consequences for the dynamic interaction
between the fault segments. In addition, rupture of one
fault segment greatly affects the stresses on the other, so S
varies considerably with time during the simulations.
Another indicator of the difference between the two faults
is the value of !CFS required to bring each fault to failure
from its initial stress configuration (simply the numerator
of equation (2)). For the lower fault, this value is 10 bars,
and for the upper fault, this value is 2.5 bars.
[10] For simplicity, the stress is constant up to the edges

of the fault. With roughly 500 m spacing on the faults, this
assumption corresponds to the stresses changing at the
fault edges over a width of approximately 500 m. This
method is similar to what has been traditionally used in
faulting interaction studies [e.g., Harris and Day, 1993;
Kase and Kuge, 1998; Harris and Day, 1999]. Because the
change in stress is rather sharp near the fault edges, this
assumption may lead to large (but not singular) off-fault
stress concentrations near the fault edges, which could
possibly increase the probability of jumping rupture in
both the dynamic and static interactions. However, we note
that maps of surface faulting such as those of Manighetti
et al. [2001] and Treiman et al. [2002] show slip decreas-
ing from peak values to zero over distances comparable to
the 500 m spacing in our model, indicating that our
simplified models are not necessarily unrealistic.

2.2. Dynamic Simulation Method

[11] Dynamic earthquake simulations were conducted
using Dyna3D [Whirley and Engelmann, 1993; Oglesby,
1999]. This three-dimensional finite element method has
been used to model the dynamics of planar [Oglesby et al.,
2000; Oglesby and Day, 2001a, 2001b] and nonplanar [Li et
al., 2002; Oglesby and Archuleta, 2003] fault systems. One
of its advantages is its ability to model fault systems with
arbitrary geometry, with rigorous treatment of the fault
boundary condition, the free surface, and all radiated
stress waves. The finite element mesh used in the dynamic

Figure 1. Modeled fault geometry. Stars indicate hypo-
central locations.

Table 1. Material and Computational Parameters

Parameter Value

Lower fault width (downdip) 14.6 km
Upper fault width (downdip) 12.0 km
Fault segment length (along strike) 40.0 km
Lower fault dip 20!
Upper fault dip 30!
Lower fault shear prestress 130 bars
Upper fault shear prestress 175.15 bars
Lower fault normal prestress 200 bars
Upper fault normal prestress 253.81 bars
Static frictional coefficient 0.7
Sliding frictional coefficient 0.5
Density 3000 kg/m3
Shear modulus 3.0 % 105 bars
Poisson’s ratio 0.25
Lower fault element size 457 m % 500 m
Lower fault element size 496 m % 500 m
Critical slip weakening distance 0.4 m
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as well as the velocity components normal to the fault,
are continuous across the fault plane, and the total slip obeys
the slip-weakening friction law, with the residual frictional
strength (τd) given by the product of the compressive nor-
mal stress and a dynamic coefficient of friction (μd). Thus,
I can simulate rupture evolution including the effect of
time-dependent normal stress. I solve the equations, using
second-order finite-difference codes with a conventional grid
formulated by Kase and Kuge (2001) for plane segments and
Kase and Day (2006) for bending segments. The formulation
for dipping segments is given in the Appendix.

Results

Both in the continuous and segmented models, the
amounts of the maximum surface slip increase with the
length of the fault. The absolute value of surface slip strongly
depends on stress condition. However, the increasing tenden-
cies are obviously different between two fault models.

In the continuous model, the maximum surface slip in-
creases with L, and then attains a constant value for L > 6W
(black circles in Fig. 2). The amount of the maximum surface
slip in the model with L ! 6W is more than five times larger
than that in the model with L ! W. The result is consistent
with the result of Wilkins and Schultz (2005) that a scaling
change exists at an aspect ratio of 6. In the segmented models
composed of 15-km length segments, on the other hand, the
maximum surface slip is constant for L > 2W to 3W (trian-
gles in Fig. 2). The amount of the maximum surface slip in
the model with six ruptured segments is 2.2 times larger than
that in the model with a single ruptured segment. The rate of
slip increase with L increases as the width of the jogs
decreases (dark gray and black triangles in Fig. 2). I show
results of the models that more than two segments rupture
simultaneously in Figure 2. Therefore, Figure 2 also tells
us that a rupture jumps across wider and more compressional
jogs than extensional ones. These are problems to be consid-
ered in a later section.

The reason for the difference of slip-length scaling laws
between the continuous and segmented models is explained
by the final slip distribution. Each segment has a peak in the

final slip distribution. Because the continuous model is com-
posed of a single segment, the peak of the slip distribution
can increase with L for L < 6W (Fig. 3a). In the segmented
model, on the other hand, segment boundaries suppress the
slip increase (Fig. 3b). When two or more segments rupture

Table 1
Parameters Used

Maximum compressional stress: σ1 [MPa] 169.316 z*

Minimum compressional stress: σ3 [MPa] 70.684 z*

Static coefficient of friction: μs 0.604
Dynamic coefficient of friction: μd 0.347
Angle between fault and σ1: Θ [deg.] 35.432
Critical displacement: Dc [m] 0.4
P wave velocity [km=sec] 6.00
S wave velocity [km=sec] 3.464
Density: ρ [g=cm3] 2.67
Grid interval of space [km] 0.25
Grid interval of time [sec] 0.025

*z is depth in km.

Figure 2. Maximum surface slip versus length of fault system
in a continuous model (black circles) and segmented models com-
posed of 15-km length segments that make up 0.5-km width com-
pressional (dark gray triangles), 0.5-km width extensional (light
gray triangles), and 1.0-km width compressional (black triangles)
jogs. The segments do not overlap.

Figure 3. Examples of final slip distributions on faults and on
surface traces. Stars indicate locations of initial cracks. (a) Con-
tinuous model. (b) Segmented model composed of 15-km length
segments. The segments without overlaps make up 1.0-km width
compressional jogs.
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as well as the velocity components normal to the fault,
are continuous across the fault plane, and the total slip obeys
the slip-weakening friction law, with the residual frictional
strength (τd) given by the product of the compressive nor-
mal stress and a dynamic coefficient of friction (μd). Thus,
I can simulate rupture evolution including the effect of
time-dependent normal stress. I solve the equations, using
second-order finite-difference codes with a conventional grid
formulated by Kase and Kuge (2001) for plane segments and
Kase and Day (2006) for bending segments. The formulation
for dipping segments is given in the Appendix.

Results

Both in the continuous and segmented models, the
amounts of the maximum surface slip increase with the
length of the fault. The absolute value of surface slip strongly
depends on stress condition. However, the increasing tenden-
cies are obviously different between two fault models.

In the continuous model, the maximum surface slip in-
creases with L, and then attains a constant value for L > 6W
(black circles in Fig. 2). The amount of the maximum surface
slip in the model with L ! 6W is more than five times larger
than that in the model with L ! W. The result is consistent
with the result of Wilkins and Schultz (2005) that a scaling
change exists at an aspect ratio of 6. In the segmented models
composed of 15-km length segments, on the other hand, the
maximum surface slip is constant for L > 2W to 3W (trian-
gles in Fig. 2). The amount of the maximum surface slip in
the model with six ruptured segments is 2.2 times larger than
that in the model with a single ruptured segment. The rate of
slip increase with L increases as the width of the jogs
decreases (dark gray and black triangles in Fig. 2). I show
results of the models that more than two segments rupture
simultaneously in Figure 2. Therefore, Figure 2 also tells
us that a rupture jumps across wider and more compressional
jogs than extensional ones. These are problems to be consid-
ered in a later section.

The reason for the difference of slip-length scaling laws
between the continuous and segmented models is explained
by the final slip distribution. Each segment has a peak in the

final slip distribution. Because the continuous model is com-
posed of a single segment, the peak of the slip distribution
can increase with L for L < 6W (Fig. 3a). In the segmented
model, on the other hand, segment boundaries suppress the
slip increase (Fig. 3b). When two or more segments rupture

Table 1
Parameters Used

Maximum compressional stress: σ1 [MPa] 169.316 z*

Minimum compressional stress: σ3 [MPa] 70.684 z*

Static coefficient of friction: μs 0.604
Dynamic coefficient of friction: μd 0.347
Angle between fault and σ1: Θ [deg.] 35.432
Critical displacement: Dc [m] 0.4
P wave velocity [km=sec] 6.00
S wave velocity [km=sec] 3.464
Density: ρ [g=cm3] 2.67
Grid interval of space [km] 0.25
Grid interval of time [sec] 0.025

*z is depth in km.

Figure 2. Maximum surface slip versus length of fault system
in a continuous model (black circles) and segmented models com-
posed of 15-km length segments that make up 0.5-km width com-
pressional (dark gray triangles), 0.5-km width extensional (light
gray triangles), and 1.0-km width compressional (black triangles)
jogs. The segments do not overlap.

Figure 3. Examples of final slip distributions on faults and on
surface traces. Stars indicate locations of initial cracks. (a) Con-
tinuous model. (b) Segmented model composed of 15-km length
segments. The segments without overlaps make up 1.0-km width
compressional jogs.
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saturates	  at	  a	  lower	  level	  for	  
segmented	  faults.	  
	  
Kase,	  2010	  	  



SubducGon/Splay	  fault	  
system	  with	  stochasGc	  
stress	  paJern	  
	  
2	  randomizaGon	  realizaGons	  



n 

+ , + 

x ~ 

,,, BIN I 
i n  fault traces (a) 

(b) 

(c) 
1 

¢,1 

= 0,75 

J 
--~ 0.5 

Z 
0.25 

0 

i 

304 E . J . M .  WILLEMSE, D. D. POLLARD and A. AYDIN 

-2 -1 0 1 2 
Distance (a) 

Fig. 7. Slip distribution for an array of three overlapping circular normal faults. (a) Fault trace geometry as observed on a 
horizontal plane through the fault centres. The fault overlap is 0.5a, and the fault spacing 0.05a. (b) Contours of normalized 
slip. Mechanical interaction leads to asymmetrical slip distributions on the two outer fault segments. Shaded areas indicate 
where faults overlap. (c) Slip distribution along a horizontal line through the centre of the three faults. Comparison between 
the modelled slip distribution (thick black curves) and the slip distribution without mechanical fault interaction (thin black 
curves) reveals the increase in maximum slip along each segment, and the asymmetry in slip distribution on the outer two 
segments. The total slip across the array (thick grey curve) has the appearance of one larger fault with slightly irregular slip 

distribution. 
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Fig. 8. Slip distributions along normal fault arrays indicating kinematic coherence. (a) Slip distribution along normal fault 
array in the Arley coal seam in Nook Colliery, U.K. (after Walsh & Watterson 1990). (b) Slip distribution along echelon 
normal fault array in the Bishop Tuff, Volcanic Tableland, California. Total slip across the entire array has the appearance 

of one larger fault. The slip minima are associated with the relay structures. 
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Slip	  on	  overlapping	  
fault	  segments	  can	  
mimic	  that	  of	  a	  single	  
conGnuous	  fault.	  
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Analogy:	  SubducGon/Splay	  
fault	  system	  with	  
stochasGc	  stress	  paJern	  
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