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Abstract We consider a poro-elasto-plastic model of fault gouge and study its
effects on the rupture dynamics of fractally rough faults. The model consists of a
combined Mohr–Coulomb and end-cap yield surface in the gouge layer and allows
compaction and dilatancy with undrained pore-pressure changes. We show that gouge
compaction at restraining bends causes pore-pressure increase and allows rupture to
propagate through segments that arrest rupture in the case with only the brittle failure
off the fault. On the other hand, strengthening by undrained gouge dilatancy at
releasing bends limits the tendency of supershear rupture from the case with only
the brittle off-fault failure. Slip distributions and rupture velocities become more
uniform due to the stabilizing tendency of the pore fluids in the fault gouge. The
previously observed tendency for ruptures to accelerate and decelerate at releasing
and restraining bends respectively can be reversed.

Introduction

Fault surfaces are complex at a variety of length scales
and can be described as fractal (e.g., Brown and Scholz,
1985; Aviles et al., 1987; Okubo and Aki, 1987; Power and
Tullis, 1991; Renard et al., 2006; Candela et al., 2009, 2012).
Since the pioneering work of Dunham et al. (2011), models
of dynamic earthquake ruptures with fractal fault geometry
have become prominent. These models are colloquially
referred to as “rough faults.”

Much of the complexities in rough fault models come
from the spatially and temporally varying tractions on the fault
surface. Although the stress state in a region may be consid-
ered as homogeneous, tractions are locally heterogeneous on
the surface of a rough fault. Fault bends that cause the local
tractions to become more compressional or tensional are
referred to as restraining and releasing bends, respectively.
Dynamic stress changes at these bends during the rupture
process have similar patterns, and likely play a more signifi-
cant role in rupture dynamics. Dunham et al. (2011) modeled
rupture dynamics on a rough fault in plane strain and showed
that fault roughness causes the rupture front to accelerate and
decelerate. At restraining bends, ruptures tended to decelerate
because normal stress is increased and the fault is strength-
ened. The opposite was found at releasing bends where rup-
tures tend to accelerate. This study also emphasized the
importance of dynamic pore-pressure changes on the fault and
a fault gouge layer, which were not considered.

From a compilation of over a thousand realizations of
dynamic rupture on rough faults, Fang and Dunham (2013)
suggested fault roughness as a means of introducing an addi-
tional resistance to slip (roughness drag). This provides a sim-
ple explanation for observations that smoother mature faults

likely operate at low shear stresses while rougher immature
faults operate at high stresses. Bruhat et al. (2016) used this
same suite of models to show that at higher background
stresses, fault roughness can lead to very complicated rupture
patterns that include supershear rupture propagation, brief
sub-Rayleigh to supershear rupture velocity transients, rupture
jumps, and rerupture of previously ruptured fault segments.
They also found that in some cases supershear transitions can
occur at restraining bends, a nonintuitive observation that
reflects the complexity of the physics of rough faults. Other
studies focused on the effects of rough faults on ground
motions. Specifically, the rapid fluctuations in rupture velocity
lead to higher frequencies in the ground motion. Increase in
the high-frequency portion of the ground-motion spectrum rel-
ative to flat faults has been found in 2D and 3D models
(e.g., Dunham et al., 2011; Shi and Day, 2013).

In this work, we aim to relax some of the assumptions
made in these previous studies. Specifically, we include the
effect of on-fault pore-pressure changes and possible inelas-
tic volumetric deformation (compaction and dilation) in the
presence of a gouge layer. This is an extension of our pre-
vious planar fault model (Hirakawa and Ma, 2016) to rough
faults.

The importance of the relationship between inelastic
deformation, pore-pressure change, and dynamic rupture on
geometrically complex faults has been suggested in the con-
text of stepover faults. Segall and Pollard (1980) obtained a
solution for the static stress field due to slip on two en ech-
elon cracks. Their results implied that secondary fractures
might be more prevalent in extensional stepovers, where the
mean pressure is reduced. Extensional fractures that develop
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there allow possible linkage through the two en echelon fault
segments and slip to be transmitted through the step. The
opposite is true of compressional stepovers, where the mean
pressure is increased, and thus throughgoing slip may be im-
peded. This behavior is somewhat analogous to what has
been found in the previous rough fault models.

Sibson (1986) described geologic observations that sug-
gest this behavior may in fact be reversed if the surrounding
rock is saturated with pore fluids. The opening-mode frac-
tures in extensional regimes will cause a severe reduction
in pore pressure, resulting in a suction force that increases
effective mean stress, strengthens the fault system, and pro-
hibits throughgoing rupture. Harris and Day (1993) verified
this effect with a dynamic rupture model, by showing that in
comparison with a dry case, the presence of undrained pore
fluids could inhibit ruptures from jumping extensional step-
overs. Conversely, compressional stepovers will experience
an increase in pore pressure, which weakens the fault system,
allowing rupture to jump more easily. Sibson (1986) also
noted that these effects could be enhanced by inelastic defor-
mation. Compaction (inelastic reduction in porosity) will
further enhance pore-pressure increase at compressional
stepovers, and dilation (inelastic increase in porosity) will
have the opposite effect at extensional stepovers. This begs
the question as to whether some of the fundamental behav-
iors found from dynamic ruptures on rough faults will be
reversed in the presence of dynamic pore-pressure changes
and inelastic volumetric deformation.

In the following, we will show that the undrained defor-
mation of fault gouge has a fundamentally stabilizing effect
on rough fault rupture dynamics. Undrained pore-pressure
change due to inelastic gouge compaction and dilatancy on
rough faults leads to more homogeneous slip distributions,
longer rupture extent, and a reversal in the correlation
between rupture velocity and fault bend type. These results
are similar to what Sibson (1986) and Harris and Day (1993)
proposed for the stepover problem discussed above.

The model is most appropriate for faults with a well-
developed gouge layer. If fault gouge is not well developed
(e.g., young small-displacement faults), current rough fault
models may still be adequate.

Model

Rough Fault Generation

We use a Fourier domain filtering method (e.g., An-
drews and Barall, 2011; Dunham et al., 2011; Shi and Day,
2013) to generate a self-similar rough fault profile. Two sets
of normally distributed random numbers are generated, and
represent the real and imaginary parts of the fault profile in
the wavenumber domain. This set of complex numbers is
then multiplied by a function of the form P!k" ∼ k−β=2, in
which k is the wavenumber, β # 2H $ 1, and H is the Hurst
exponent. We follow Dunham et al. (2011) and Shi and Day
(2013) in choosing β # 3 (H # 1), which is the case for a
self-similar fractal. The inverse Fourier transform of this set
of numbers gives one realization of a rough fault profile. We
then apply a low-pass filter to remove short-wavelength com-
ponents, such that there are 30 grid points per minimum
wavelength. An additional parameter α (the amplitude-to-
wavelength ratio) is needed to adjust the absolute deviations
of the fault topography, in which α # hrms=L, hrms is the root
mean squared (rms) roughness of the 1D fault profile, and L
is the total fault length. In this work, we use α # 0:01, which
represents a relatively high roughness.

Because rough fault profiles generated by this method
are random, an infinite amount of fault realizations can be
obtained using different random seeds. As the number of dif-
ferent fault profiles used in simulations increases, statistical
descriptions of rupture characteristics will emerge for certain
sets of rough fault parameters (Fang and Dunham, 2013;
Trugman and Dunham, 2014; Bruhat et al., 2016). In this
study, we chose one rough fault profile (shown in Fig. 1a)
that exhibited characteristics seen in previous studies, and

(b)(a)

Figure 1. (a) Fault profile used in this study. An amplitude-to-wavelength ratio of 0.01 is used. (b) Domain geometry for a hypothetical
portion of the fault surrounded by a layer of gouge. The gouge follows the topography of the fault and is 20 cm thick along y direction.
Regional background stresses are set so that the maximum principal stress is oriented at 45° to the fault plane; however, local stress state is
more heterogeneous (see Fig. 2). The color version of this figure is available only in the electronic edition.
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used this for all simulations. A thorough test of different
rough fault profiles is not necessary, as the physics of inelas-
tic volumetric deformation and dynamic pore-pressure
change would remain the same for different rough fault
profiles.

Approximation for Fault Gouge Plasticity

Fault gouge is described as a highly deformed,
extremely fine-grained material that forms as a result of
repeated attrition and comminution of fault-zone rocks
(Chester et al., 1993). Fault gouge begins to form immedi-
ately during frictional slip; the width of the gouge zone in-
creases with cumulative fault slip. Thus, most faults that have
experienced slip of at least a few meters have a well-defined
gouge layer (Sibson, 1986). For relatively mature faults,
gouge layers typically have a thickness on the centimeters
to tens of centimeters scale.

Mechanically, fault gouge readily compacts and deforms
in a ductile manner in laboratory experiments (Chester and
Logan, 1986; Scott et al., 1994). This is in stark contrast to
the typical elastic–brittle behavior of rocks from the damage
zone, which can be described well by the Mohr–Coulomb
(MC) or Drucker–Prager yield criteria. Drawing on this ob-
servation, Hirakawa and Ma (2016) developed a continuum
model for gouge deformation by including an elliptical end
cap to the traditional MC surface. The end-cap yield surface
has been shown to fit the strength of porous rocks under large
confining pressure from laboratory experiments (Wong et al.,
1997). Hirakawa and Ma (2016) proposed that large shear
stress concentrations ahead of the rupture front (possibly
the largest stress that gouge experiences during the entire
earthquake cycle) cause shear-enhanced compaction ahead
of the rupture. This increases pore pressure, preweakens the
fault, and results in a reduction in static fault strength, an
aspect that is different from other dynamic weakening
mechanisms that require slip to initiate and reduce dynamic
friction. This result is supported by recent laboratory experi-
ments and numerical modeling (Faulkner et al., 2018). Dur-
ing sliding, gouge dilantancy reduces pore pressure and
strengthens the fault, which gives rise to a smaller strength
drop, less damage generation, and short slip duration. The
model explains a range of important observations in regard
to the strength of large-displacement mature faults. See Hir-
akawa and Ma (2016) for a thorough description of geologi-
cal context for fault gouge and the model formulation. The
same constitutive model is used here, but for a rough fault.

Initial Stress Conditions and Parameter Selection

Slip history on a rough fault can significantly change the
off-fault stress field, with severe stress concentrations near
the sharpest geometrical features. The consequence is that
rock in certain locations will be situated closer to or farther
from failure than in the average regional stress field. In this
work, we aim to capture this aspect and use a slightly more

realistic initial stress condition than a uniform regional
stress field.

One method to yield reasonable initial stress conditions
off the fault is to run a dynamic rupture simulation with the
rough fault geometry and use the final off-fault stress distri-
bution as initial conditions in a subsequent simulation. The
problem with this approach is that dynamic ruptures inher-
ently cause opposite sides of the fault to experience different
changes in stress (e.g., on the compressional and extensional
sides of the fault). The result is a complicated and asymmet-
ric off-fault stress distribution that is highly sensitive to
nucleation location. Important processes such as coseismic
gouge development, fluid diffusion, postseismic relaxation,
and interseismic stress loading are ignored; this approach is
thus an oversimplication of reality.

Instead, we desire a simpler stress state that reflects the
restraining and releasing bends on the fault due to slip over its
lifetime. We choose to calculate the stress change due to slip
on the fault in an elastic medium using a static finite-element
scheme (Ma et al., 2008). The static displacement field is uni-
form in the direction of average fault strike (x axis in Fig. 1),
which represents interseismic loading, resulting in a nonuni-
form static slip distribution projected onto the geometry of the
rough fault. Slip is prescribed kinematically as a displacement
boundary condition on the fault; tractions are continuous
across the fault. The calculated stress field represents the stress
perturbation due to past events on the rough fault and is added
to a constant unperturbed background stress field.

In the model, the maximum compressive stress in the
unperturbed state is set to be 45° from the average fault strike
(Fig. 1b). Unperturbed background mean stress is constant
everywhere, σm # −126 MPa. Unperturbed background
shear stress along the average fault-strike direction τb, takes
a range of values between 40 and 50 MPa.

The resultant perturbed stress state is used as an initial
stress condition off the fault for the dynamic rupture model.
The on-fault stress field that arises from this static calculation
produces a further complication and is neglected; the on-fault
stresses in the models shown here are only obtained from the
uniform regional stress field. Although these stress condi-
tions are more realistic at restraining and releasing bends
than those given by a uniform regional stress field, this
approach is indeed an oversimplification and only a crude
proxy for the realistic initial stress conditions. We expect,
however, that our results will not be highly sensitive to the
detailed stress conditions on and off the fault.

Determination of yield cap parameters based on fault
gouge field observations requires thorough laboratory test-
ing; furthermore, cap parameters differ between faults and
can be spatially heterogeneous along a single fault. Because
gouge data of this type are limited and inherently complex,
we take the liberty to choose the strength parameters in an ad
hoc fashion.

We assume zero cohesion and an internal friction of 0.85
for the MC line (as in Hirakawa and Ma, 2016). Because of
the assumption of linear elasticity in the static stress calcu-
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lation, the stress perturbations can be scaled by a constant
factor, which is equivalent to changing the amount of input
slip into the static stress calculation. We scale the stress per-
turbations so that when added to the background stress field,
the maximum closeness-to-failure (CFMC) in the brittle-dilat-
ant (MC) regime is 0.95. The CF is defined as the ratio of
shear stress (the square root of the second invariant of devia-
tor stress tensor, the y axis in Fig. 2b) to the maximum shear
stress allowed at a certain effective mean stress. Because the
initial unperturbed shear stress varies between 40 and
50 MPa, our constant MC parameters implies that the aver-
age initial CFMC varies between simulations (specifically, it
varies between 0.49 and 0.61 and is significantly less than
the maximum CFMC of 0.95).

We set the initial unperturbed mean stress as the center
of the ellipse (126 MPa) and use an ellipse aspect ratio of 1.
The top of the ellipse is given by its intersection with the MC

line. These conditions thus determine the end cap. Figure 2b
shows an example of all stress points relative to the yield
surface when the background shear stress is 45 MPa. In the
event that initial stress points fall outside the prescribed cap
(i.e., extreme stress concentration at fault bends; not shown
in Fig. 2b), the yield cap is locally adjusted for a maximum
CFCAP of 0.95. Thus, the yield cap parameters are mostly
constant throughout the domain, except some possible cases
where compressive stresses are extreme and the yield cap is
slightly larger to accommodate them. This only occurs when
background stress is very high.

We model dynamic rupture on a rough 2D right-lateral
strike-slip fault. The fault is surrounded by a layer of fault
gouge (Fig. 1b), which deforms via the combined MC end-
cap yield criteria. The geometry of the gouge layer boundary
is identical to the fault profile; the boundary is located 10 cm
from the fault on both sides of the fault (leading to a gouge

(a)

(b)
X (m)

Y
 (

m
)

Figure 2. (a) Mean stress (negative in compression) on one part of the fault obtained by summing a background stress field (τb # 45 MPa)
with a perturbation from our static stress calculation. Restraining bends lead to more compressive initial stress states; releasing bends lead to less
compressive initial stress states. (b) Yield surface and initial stress state at all off-fault points (gray dots) in relation to the yield surface (blue
curve) when the background shear stress is τb # 45 MPa. At low-confining stresses, the yielding is governed by a Mohr–Coulomb (MC)
criterion. At high-confining stresses, an end cap is used to model compactant yielding. The plastic flow rule is such that failure on the
MC surface causes dilatancy, while failure on the end cap causes compaction. In determining the yield surface, we assume zero cohesion
and an internal friction of 0.85 for the MC line. The center of the eclipse is set at 126 MPa (the unperturbed mean pressure) and a circular
cap is used. The static stress perturbation is scaled such that the maximum CFMC of all the stress points is 0.95. The yield surface is fixed
throughout the domain, except for a few locations where the cap is adjusted to allow stresses to be within the yield surface in some extreme
situations (not shown here). The shear stress (y axis) is the square root of the second invariant of the deviatoric stress tensor. The green star is the
unperturbed stress state. Because of the static stress field, some stress states are close to the elliptical cap and some are close to the MC line,
whereas the majority are clustered around the unperturbed stress state. The color version of this figure is available only in the electronic edition.
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layer of 20 cm total width). Material outside of the gouge
deforms by only the MC criterion. The total fault length is
60 m; the rupture is nucleated in the middle of the fault so
that it propagates for 30 m in each direction. A velocity
strengthening region at %25 m from the hypocenter arrests
rupture. Elastic material properties are homogeneous, in
which P-wave velocity, S-wave velocity, and density are
VP # 6000 m=s, VS # 3464 m=s, and ρ # 2670 kg=m3,
respectively. An element size of ∼1 cm is used in all the
simulations to ensure a good resolution of the gouge layer.

We use rate-and-state friction with strong velocity weak-
ening, which mimics flash heating (Dunham et al. 2011; see
also Rice, 2006; Noda et al., 2009; Rojas et al., 2009; Shi
and Day, 2013). The fault friction parameters and the plastic
flow rule used are exactly the same as in Hirakawa and
Ma (2016).

To nucleate the rupture, we first find a location that has a
high initial friction ratio over a wide span of the fault, so that
rupture is allowed to propagate initially without obstruction
from unfavorably oriented segments (Fang and Dunham
[2013] used a similar idea). This location is situated in a large
releasing segment (Fig. 1a). We apply an instantaneous
Gaussian perturbation in shear stress to nucleate the rupture,
similar to the scheme used in Hirakawa and Ma (2016).

The on-fault pore pressure is taken as the average of the
pore pressure in the elements on both sides of the fault. The
true pore pressure on the fault should be a weighted average
of these, where the weights depend on the permeability and
storage coefficient of the rock (Rudnicki and Rice, 2006;
Dunham and Rice, 2008). Our simple average assumes that
these hydraulic parameters are initially the same and do not
change with inelastic strain; however, this assumption should
be refined in future models, as hydrologic properties can be
significantly affected by inelastic strain (Zhu et al., 2007;
Viesca and Rice, 2009). See Viesca et al. (2008) for a
detailed formulation of off-fault pore-pressure change gov-
erned by poro-elasto-plastic response.

To compare our new model with previous models with
only brittle failure in the damage zone, for each end-cap sim-
ulation we run a concurrent test using only the MC yielding
criterion, without dynamic pore-pressure change and with
homogeneous background stress. Models of this type are here-
after referred to asMCmodels; models that use the end cap are
referred to as end-cap models. On-fault friction laws, geom-
etry, and the nucleation procedure for the MC and end-cap
models with the same background stress are identical.

Results

We show inelastic shear strain, inelastic volumetric strain,
and off-fault pore-pressure change in a segment spanning
x # 0 − 20 m for a case with a background shear stress
τb # 45 MPa (Fig. 3), in which x # 0 corresponds to the
nucleation point. The narrow 20 cm gouge layer is somewhat
outlined by the sharp change in the amount of plastic strain;
however, it is not as distinct as in the flat fault case (Hirakawa

and Ma, 2016), because the CF is not universally high
throughout the domain. Inelastic strain outside of this layer
indicates failure in the damage zone (i.e., MC failure), and
qualitatively resembles the results from other studies that
have modeled plasticity near rough faults (e.g., Dunham et al.,
2011).

Sharp bends in the fault coincide with concentrations of
large plastic strain in the fault gouge. The fault profile con-
tains broad releasing and restraining bends (e.g., the large
restraining bend from x # ∼10–14 m, and the large re-
leasing bend from x # ∼0–4 m). However, we find that the
shortest roughness wavelengths dominate the stress and
strain field. For the most part, compaction (negative εPkk)
and dilation (positive εPkk) occur on the compressional and
extensional sides of the fault, respectively. There are some
locations where either both sides are compacted or dilated.
An example where both sides of the fault are compacted can
be seen on the small restraining bend x # ∼7 m. The net
compaction here is relatively small, but it leads to a large
increase in pore pressure locally. A notable example where
both sides of the fault are dilated can be seen on the small
releasing bends at x # ∼3 and x # ∼18 m. At these loca-
tions, there is a large net decrease in pore pressure.

Comparing slip contours (Fig. 4) and time–distance
plots of slip velocity field (Fig. 5) between the MC and the
end-cap models illuminates the effect that the volumetric
plastic strain and pore-pressure changes have on the rupture
process. Fault rupture in the MC models is significantly hin-
dered at restraining bends, particularly for low background
shear stresses. At τb # 40 and 42.5 MPa, the rupture in the
MC model is arrested at a restraining bend. Conversely, in
the end-cap model the gouge in this restraining bend expe-
riences compaction and pore-pressure increase, which
dynamically weakens the fault and allows continued rupture.
As the background shear stress increases, rupture is able to

2 4 6 8 10 12 14 16 18 200

–1

–1.5

–2

–1

–1.5

–2

–1(a)

(b)

(c)

–1.5

–2

x (m)

y 
(m

)

Pore pressure change

Inelastic volumetric strain

Inelastic shear strain

–40

40

0

–1.5

0

1.5

5

0

P (MPa)

p
kk

 10–4

 10–3

 10–4

Figure 3. (a) Inelastic shear strain, (b) inelastic volumetric strain,
and (c) off-fault pore-pressure change are mapped for a model with a
background shear stress of 45MPa. The rough fault trace is shown by a
black line. Compaction (negative inelastic volumetric strain) and con-
sequent pore-pressure increases develop in restraining bends, whereas
dilatancy and pore-pressure reduction develop in releasing bends. The
color version of this figure is available only in the electronic edition.
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continue past these arresting bends in the MC model, but
their effect is still seen. For example, the restraining bend
that arrests the rupture in the MC model for τb # 42:5 MPa
does not cause arrest when τb # 45 MPa, but the rupture
suffers a large decrease in final slip (Fig. 4) and rupture
velocity (Fig. 5). On the other hand, the weakening mecha-
nism of the end-cap model allows final slip and rupture
velocity to remain relatively stable through this bend. This
stabilization of slip distribution and rupture velocity in the
end-cap models can be seen in several other locations, where
restraining bends cause a noticeable decrease in slip and rup-
ture velocity in corresponding MC models.

A striking contrast between the end-cap and the MC
models can be seen in the case, in which τb # 50 MPa.
In the MC model, the rupture experiences a complicated de-
velopment of secondary rupture which includes a supershear
propagation phase. Evidence is seen in both the slip contours
and slip velocity field (Figs. 4 and 5). Bruhat et al. (2016)
showed that ruptures can take this complicated behavior
when roughness and background shear stress are both high.
Comparatively, the end-cap model slip distribution and slip
history remain relatively stable. In some cases, Bruhat et al.
(2016) found that supershear ruptures were triggered at
restraining bends. We did not observe this in any of our mod-
els. It is unclear how the different considerations in our
model would affect this, as the combined effect of the energy
dissipation due to plasticity and the pore-pressure change
cannot be simply superposed to obtain predictions of how
fault rupture will behave.

Fault roughness clearly affects rupture velocity. Dunham
et al. (2011) showed that on a right-lateral system, fault slope
is negatively correlated with rupture velocity (e.g., negative
slopes correspond to releasing bends and correlate with in-
creases in rupture velocity). For our models, we plot a normal-
ized measure of rupture velocity together with fault slope as a
function of fault location (Fig. 6). Specifically, the quantity
shown is the rupture velocity subtracted from the mean rupture
velocity, divided by the shear wavespeed. We compute a cor-
relation coefficient between the fault slope and these relative
rupture velocity changes for an end-cap case and an MC case,
both with τb # 45 MPa. Like previous studies, we note a
negative correlation coefficient of −0:5850 for the MC case.
Conversely, we find a smaller but positive correlation coeffi-
cient of 0.2614 for the end-cap case. The fact that it is positive
follows from our previous observation that bends have a re-
verse effect on the rupture velocity in the presence of dynamic
pore-pressure change, as compared with what is typically
observed in dry models. Regardless, the total variation of the
rupture velocity (measured as a standard deviation of the
normalized rupture velocity change) is not much different be-
tween the MC and the end-cap models, where it is 0.1326 for
the former and 0.1333 for the latter.

We notice that the profile of rupture velocity change
for the MC model is somewhat anticorrelated with a long-
wavelength part of the fault profile, notably between
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The color version of this figure is available only in the electronic edition.
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x # 10 − 25 m (Fig. 6). On the other hand, this long-wave-
length part of the rupture velocity change is absent in the
end-cap model. This begs the question of how ruptures in
the end-cap and MC models respond to either the long- or
short-wavelength changes in fault profile. To investigate this,
we band-pass filtered the fault slope profile for two wavelength
bands and computed a new correlation coefficient between
these filtered data and the rupture velocity profiles (Fig. 7).
As was qualitatively observed, the filtered longer-wavelength

(λ # 2–20 m) fault profile has a strong negative correlation
with the MC model’s rupture velocity profile; the correlation
coefficient of −0:5143 is close to that of the unfiltered fault
profile. The correlation coefficient between this longer-wave-
length filtered series and the rupture velocity profile for the
end-cap case is negative but very small (−0:0835).

The opposite is found for the shorter-wavelength filtered
(λ # 0:05–2 m) fault slope profile. Here, the correlation
coefficient between this filtered profile and the MC case rup-
ture velocity is negative (−0:2420), but small compared to the
values found for the unfiltered and for the long-wavelength fil-
tered profiles. However, the correlation coefficient between this
short-wavelength fault profile and the end-cap model’s rupture
velocity (0.5307) is positive and much higher than the values
seen for the unfiltered and long-wavelength filtered profiles.
The implication here is that the undrained gouge deformation
in the end-cap model causes the rupture process to be more
sensitive to the short-wavelength fault profile fluctuations.

Discussion and Conclusions

We have shown some end-member cases of rough fault
rupture dynamics with fault gouge under more realistic con-
ditions than have been modeled previously. Still, models
such as these require a large number of assumptions and
oversimplifications in obtaining initial stress conditions,
plasticity parameters, and dynamic pore pressure on the fault.
Despite these, the physics involving inelastic gouge compac-
tion and dilatancy and resultant dynamic pore pressure on
fault reported here is believed to be robust and should be
considered in interpreting model results without these
physics included.

The length scale of the gouge layer thickness (∼tens of
centimeters) is negligible to nearly all rupture dimensions of
different earthquake magnitudes, which should not affect the
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Figure 6. Comparison of rupture velocity changes with fault slope
for cases with background shear stress of 45MPa. The rupture velocities
are demeaned and normalized by the shear wavespeed. A negative cor-
relation coefficient between rupture velocity and fault slope is obtained
for the MC case, in agreement with previous studies. A positive corre-
lation coefficient is obtained for the case with the end-cap gouge model.
Overall, standard deviation of rupture velocity is similar for both cases.
The color version of this figure is available only in the electronic edition.
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self-similarity of earthquakes. However, the presence of the
gouge layer can play a fundamental role in controlling fault
strength (Hirakawa and Ma, 2016) and significantly affect
rupture dynamics of rough faults reported here. A possible
way of including the effects of fault gouge in dynamic earth-
quake simulations is to formulate a fault constitutive relation,
which is a topic for future work.

In summary, dynamic rupture modeling of a rough fault
by including inelastic volumetric deformation of fault gouge
and undrained pore-pressure changes show that at restraining
bends, large pore-pressure increase via undrained gouge
compaction causes fault weakening and allows rupture to
propagate past restraining bends that arrest rupture in cases
with dry MC material behavior. Gouge dilatancy and the
resultant pore-pressure decrease stabilize rupture at releasing
bends, and limit complex behaviors of rupture at high back-
ground stresses, that include reruptured segments and super-
shear rupture. Final slip distributions with undrained gouge
response are more homogeneous than in the dry MC cases.
There is a positive correlation coefficient between rupture
velocity and fault slope. These characteristics are similar
to those of the fault stepover problem (Sibson, 1986; Harris
and Day, 1993). Overall, realistic gouge deformation and
pore fluid effects stabilize the somewhat chaotic behavior ob-
served in current rough fault models.

Data and Resources

All data shown in this article are synthetic. Model results
shown here were obtained by running simulations on the
clusters at Livermore Computing, Lawrence Livermore Na-
tional Laboratory.
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