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SUMMARY
We perform a detailed parameter-space study on properties of yielding zones generated by
2-D in-plane dynamic ruptures on a planar fault with different friction laws and parameters,
different initial stress conditions, different rock cohesion values, and different contrasts of
elasticity and mass density across the fault. The focus is on cases corresponding to large
strike-slip faults having high angle ( = 45◦ ) to the maximum compressive background
stress. The simulations and analytical scaling results show that for crack-like ruptures (1) the
maximum yielding zone thickness Tmax linearly increases with rupture distance L and the ratio
Tmax /L is inversely proportional to (1 + S)2 with S being the relative strength parameter; (2)
p
the potency density ε0 decays logarithmically with fault normal distance at a rate depending
on the stress state and S; (3) increasing rock cohesion reduces Tmax /L, resulting in faster
rupture speed and higher inclination angle  of expected microfractures on the extensional
side of the fault. For slip pulses in quasi-steady state, T is approximately constant along strike
with local values correlating with the maximum slip velocity (or final slip) at a location.
For a bimaterial interface with  = 45◦ , the energy dissipation to yielding contributes to
developing macroscopically asymmetric rupture (at the scale of rupture length) with the same
preferred propagation direction predicted for purely elastic cases with Coulomb friction. When
 = 10◦ , representative for thrust faulting, the energy dissipation to yielding leads to opposite
preferred rupture propagation. In all cases,  is higher on average on the compliant side. For
p
both crack and pulse ruptures with  = 45◦ , T decreases and ε0 increases for conditions
representing greater depth. Significant damage asymmetry of the type observed across several
large strike-slip faults likely implies persistent macroscopic rupture asymmetry (unilateral
cracks, unilateral pulses or asymmetric bilateral pulses). The results on various features of
yielding zones expected from this and other studies are summarized in a table along with
observations from the field and laboratory experiments.
Key words: Microstructures; Elasticity and anelasticity; Rheology and friction of fault zones;
Dynamics and mechanics of faulting; Fractures and faults; Mechanics, theory, and modelling.

1 I N T RO D U C T I O N
The internal structure of fault zones reflects processes and conditions that have operated during the fault history, and can affect
various aspects of earthquakes and seismic radiation in the future.
It is therefore important to understand the relations between properties of yielding zones around faults and different types of fault
motion (e.g. crack/pulse ruptures and aseismic failure on planar and
rough surfaces). The goal of this work is to contribute towards such
understanding with a systematic investigation of characteristics of
yielding zones generated by dynamic ruptures on a planar frictional
interface. Xu et al. (2012), referred to hereafter as Paper I, described
the computational method and defined several measures that can be
used to quantify properties of yielding zones using example results.
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In this companion paper we perform a detailed parameter-space
study on various features of off-fault yielding generated by different types of dynamic ruptures associated with different friction laws
and parameters, different initial conditions, and different elastic and
cohesion parameters of the surrounding media.
The example results in Paper I and previous studies (e.g. BenZion & Shi 2005; Templeton & Rice 2008) demonstrated that the
rupture style (crack versus pulse) and angle  of the background
maximum compressive stress relative to the fault influence strongly
the distribution of off-fault yielding zones. In Section 2 of this paper
we investigate the roles of other parameters (relative strength parameter S, rock cohesion, contrast of elasticity), and combinations
of parameters corresponding to certain physical situations, in controlling rupture dynamics and properties of yielding zones including
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Table 1. Key equations.

their location, extent, intensity, symmetry properties, microfracture
orientations and decay with fault-normal distance. The obtained results are used to develop correlations and scaling relations among
different manifestations of yielding zones. In Section 3 the findings
are discussed in relation to other models (e.g. fault motion on a
rough surface) and observations from the field and the laboratory.
The results provide improved criteria for interpreting various features of yielding zones around large strike-slip faults in terms of
properties and conditions of earthquake ruptures on the faults.
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τs and τd : static and dynamic shear strength of the fault; τ0 :
initial shear stress.
f s and f d : static and dynamic friction coefficient ( f s = 0.6,
f d = 0.1).
: angle of the maximum compressive stress relative to the
fault (based on the stress tensor σi j ), specified as the angle
for the background stress if using σi0j .
: angle of the expected microfracture (aligned parallel to
mode-I type) relative to the fault (based on the plastic strain
p
tensor εi j ).

Fig. 1(a) presents the geometry and several basic ingredients of the
employed model. Fig. 1(b) illustrates aspects of a model with fault
roughness that will be discussed in comparison with the obtained

results. Since pulse-like ruptures are more sensitive than crack-like
ruptures to small changes of nucleation procedure, initial stress
state, fault frictional properties and other ingredients (e.g. Zheng &
Rice 1998; Ampuero & Ben-Zion 2008; Shi et al. 2008; Dunham
et al. 2011a), we mainly use crack ruptures to clarify the basic effects of various parameters. Results from both rupture styles will be
presented only when additional distinct features are seen for rupture
pulses. We are primarily interested in yielding zones associated with
large strike-slip faults, so the angle  will be generally fixed at 45◦
unless mentioned otherwise. For convenience, Table 1 summarizes
key equations from Paper I that are used frequently in this work.
The parameters specifying material properties, friction laws, nucleation procedure and viscoplasticity have same values as in Paper I
(table 1), except in cases of bimaterial ruptures where the elastic
moduli and mass density of medium 2 are reduced. As in Paper I,
we provide normalized values of physical quantities.
2.1 Influence of the S parameter

Figure 1. (a) Schematic diagram showing the migration of rupture tips
along a planar fault, modified from Scholz et al. (1993). ‘C’ and ‘T’ represent
the compressional and extensional quadrant(s), respectively. In the presence
of a material contrast across the fault, the slip direction on the compliant
side is referred to as the positive direction, and the quadrants in the same or
opposite directions are distinguished by ‘+/−’ signs. (b) Schematic diagram
of a rough fault with geometric complexities, modified from Saucier et al.
(1992) and Chester & Fletcher (1997). For both (a) and (b), the big arrows
indicate the orientation of the far field background maximum compressive
stress σmax , while the small thin arrows represent the orientation and relative
magnitude (indicated by the length) of the near-fault (dynamically or quasi .
statically) perturbed maximum compressive stress σmax

The relative strength parameter S, defined as the ratio between
strength excess and dynamic stress drop (eq. T1), is a key quantity
connecting the background initial stress with fault frictional properties (Andrews 1976; Das & Aki 1977). In natural fault settings
the S parameter may vary with the ratio of differential stress to the
confining pressure, the values of the static and dynamic friction
coefficients, and changing strike of fault segments in an approximately uniform regional stress field (e.g. Lockner & Beeler 2002;
Oglesby et al. 2008; Shi et al. 2008). As in Paper I, we consider the
range of values S > 1.77 known to generate ruptures with subshear speed, which is typical for most earthquakes. For the following
investigation, the rock cohesion is set at c = 0.
To carefully investigate how the S parameter can influence the
yielding zone properties, we choose the size of the applied nucleation zone L nucl somewhat larger than the critical value L c leading
to dynamic instability (Palmer & Rice 1973):
Lc =

16 μG c
,
3π (τ0 − τd )2

(1a)

where μ is the shear modulus, G c is the fracture energy, and Poisson’s ratio is assumed to be 0.25. We then fix the ratio of the applied

C 2012 The Authors, GJI, 191, 1343–1360
C 2012 RAS
Geophysical Journal International 

Dynamic rupture and off-fault yielding—II
nucleation size L nucl to the critical size L c , so that comparable
amount of energy is released in rupture nucleation for cases with
different S values. The fracture energy evaluated from the evolution
of stress as a function of slip during the breakdown process for slipweakening friction (SWF) is G c = (1/2)|σn |( f s − f d )Dc , where Dc
is the slip-weakening distance. The critical size can be rewritten as
Lc =

μDc
8
(1 + S)2 .
3π |σn |( f s − f d )

(1b)

As the S value increases, the magnitude of the background normal
stress has to increase to retain a comparable amount of released
energy over the same nucleation length.

2.1.1 Yielding zone extent and decay form
Fig. 2 shows the distribution of plastic strain for crack-like rupture
cases associated with different S values. As seen, the extent of the
plastic yielding zone is relatively wide when the S value is relatively
low but can be highly suppressed when S becomes high. This is
consistent with results of Templeton & Rice (2008) for cases where
off-fault plastic yielding primarily occurs on the same side (i.e. the
extensional) of the fault. Templeton & Rice (2008) attributed this
extent dependence on S partly to the closeness of initial stress state
0
/σY0 ) as a function of S. We provide
to yielding level (CF = τmax
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a quantitative explanation of the effect of S on the extent of the
off-fault yielding zone in Section 2.1.2.
Next we use the procedure described in Paper I to investigate the
p
off-fault decay of the potency density ε0 . We examine the variation
p
of ε0 in the fault normal direction and define the thickness T of
p
the yielding zone as the distance from the fault where ε0 decreases
to zero. In Fig. 3 the sampling locations along the fault strike are
mapped into different colours (see inset in Fig. 3a): each colour
represents a trace normal to the fault strike, on the extensional
side, starting from X = 100L 0 (blue) and ending at X = 220L 0
(red). The choice of the starting and ending points ensures that the
selected range is neither within the nucleation zone nor too close to
the rupture tip.
As shown in Figs 3(b)–(d), there are three distance ranges where
p
the off-fault variation of ε0 follows distinct patterns. In region (1)
the yielding zone is affected strongly by the artificial nucleation
procedure (see inset in Fig. 3b) and is therefore excluded from
detailed analysis. Once the rupture propagates away from that region
p
ε0 may occur on both sides of the fault, but the summed value from
both sides asymptotically approaches at zero distance a constant
related to the breakdown process (inset in Fig. 3b). This feature is
observed in all examined cases (a)–(d).
In the region labelled (2) in Fig. 3(c), representing most of the
p
off-fault distance range where ε0 remains non-zero, there is a linear
p
relation between ε0 and log(d⊥ ) over the examined (one order of
magnitude) range of d⊥ . This logarithmic decay is observed in all
presented cases (Figs 3a–d), consistent with the results of Paper I
and Yamashita (2000). The slope of the logarithmic decay for each
case does not depend on the sampling location (reflected by the
subparallel colour stripes), but it clearly varies for different rupture
cases. The latter variation can be explained by the variable stress
p
state which mainly determines the maximum value of ε0 close to
the fault (the intercept with the vertical axis), and by the S parameter
which controls the thickness of the yielding zone (the intercept with
the horizontal axis).
p
As d⊥ continues to increase beyond some point, ε0 rapidly tapers
to zero in a final third regime. We find a linear relation between the
thickness of the yielding zone and the along-strike distance from
the hypocentre (inset in Fig. 3d). This feature is consistent with the
large-scale view in Fig. 2 (which is usually difficult to obtain in the
field) that the off-fault yielding zones for the simulated crack cases
have a triangular shape.
2.1.2 Theoretical scaling relation

Figure 2. Plastic strain distribution for crack-like ruptures with  = 45◦
and different values of S. The intensity
 of the plastic strain is quantified by
p

p p

the seismic potency density ε0 = 2εi j εi j (see Paper I). The background
normal stress σ0 differs to preserve comparable energy release from the nucleation zone. In (d), r and θ are polar coordinates with origin at the moving
rupture tip, and ω is a conventional angle quantifying the incremental rate of
yielding zone thickness with the along-strike distance from the hypocentre
(i.e. tan(ω) ≈ T / X ).
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How far the activated off-fault yielding zone can extend depends on
the interaction between the background stress field σi0j and the slipinduced incremental stress field σi j at some transitional distance
range from the rupture tip where the total stress just reaches the offfault yielding strength. Following Ben-Zion & Ampuero (2009), we
develop a scaling relation between yielding zone thickness and the
S parameter with order of magnitude quantities. For simplicity, we
adopt here a singular crack model rather than a model with a finite
cohesive zone. Differences between the two models are mentioned
when necessary. Based on the singular crack model (e.g. Freund
1990), the incremental stress field σi j in the vicinity of the crack
tip can be described as:


√
Kd
0 − τ
(θ,
v
)
+
+ O( r ),
(2)
σi j = √ II
ij
r
− τ 0
2πr
where r and θ are polar coordinates with the origin at the crack
√ tip
(Fig. 2d), τ = τ0 − τd is the stress drop, K IId = kII (vr ) τ π L
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p

Figure 3. Off-fault decay of the seismic potency density ε0 versus fault normal distance d⊥ for crack-like ruptures associated with different S and σ0 values.
The schematic diagram in (a) illustrates the employed mapping between sets of colours and distance from hypocentre. The inset in (b) shows the variation of
p
ε0 from each side of the fault (or the summed value) along the strike. The inset plot in (d) reproduces the result in a double-linear scale.

is the dynamic stress intensity factor with kII (vr ) being a universal
function of rupture speed vr and L denoting the half length of the
crack (e.g. Broberg 1999).
At the farthest distance rmax from the rupture tip where off-fault
yielding can be activated, the total stress field σi j = σi0j + σi j is
expected to just satisfy the yielding criterion for cohesionless rocks
(Xu et al. 2012):


σx2y + (σx x − σ yy )2 /4 = −0.5(σx x + σ yy ) sin(φ),

(3)

where φ is the internal friction angle. Writing σi0j and τ (normalized by σ0 ) as functions of S and fault friction coefficients for
 = 45◦ , using eq. (2) to express σi j as functions of kII (vr ), τ ,
√
L/rmax and i j (θ, vr ), and using the obtained expression for σi j
in eq. (3), we have
rmax
k 2 (vr ) · A2
,
= η II
L
(1 + S)2

(4)

where η is a factor of order 1 (to be determined numerically) and
A is a dimensionless quantity depending on i j (θ, vr ), friction coefficients and φ. Projecting rmax on the fault normal direction to

estimate the maximum yielding zone thickness Tmax , we get
Tmax
k 2 (vr ) · A2 · | sin(θ )|
= η II
.
L
(1 + S)2

(5)

For any vr , we can search for a value of θ that maximizes
Tmax /L in eq. (5). Assuming vr = 0.827cs typical for our cases,
we get θ ≈ −130◦ . This is consistent with the simulation results (see the yielding pattern near the rupture tips in Fig. 2,
noting the vertical exaggeration of factor 3.75). Fig. 4 shows a
comparison between the numerical simulation results and eq. (5)
with vr = 0.827cs and θ ≈ −130◦ . For simplicity, we also adopt
kII (vr = 0.827cs ) ≈ 0.375 (Broberg 1999, fig. 6.9.8). The prediction with η = 1 (corresponding exactly to the truncated theoretical
solution of eq. 2) underestimates the ratio Tmax /L (dashed line in
Fig. 4). This may be explained by the fact that the abrupt drop of
shear stress in the singular solution (given by the second term of
eq. 2) leads to lower average shear stress behind the rupture tip
(where major plastic yielding occurs in Fig. 2) compared with the
non-singular model associated with a gradual shear stress drop over
a finite length scale. Using a correction factor η = 1.72 provides a
good agreement between the singular crack model with prescribed
rupture process and the non-singular numerical results associated
with spontaneous rupture and SWF.
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Table 2. Relation between the incremental rate of yielding zone
thickness with along-strike distance from the hypocentre and rock
cohesion c.
T/ X

Figure 4. Comparison of the numerical results and theoretical prediction of eq. (5) (with assumed θ = −130◦ and vr = 0.827cs ) on the
scaling relation between Tmax /L and S. Numerical results are obtained
by first calculating T / X based on the measurements in Fig. 3, and
then converting it into angle ω to calculate Tmax /L through the relation
Tmax /L = sin(ω) sin(|θ |)/ sin(|θ | − ω) (see angle definition in Fig. 2d).

c = 0.0σc

c = 0.2σc

c = 0.4σc

c = 0.6σc

0.0635

0.0364

0.0221

0.0139

value of this quantity usually varies with rock type and confining
pressure, and depends strongly on the initial rock damage (e.g.
Scholz 2002; Jaeger et al. 2007). Rock cohesion generally has two
major effects that can influence the measurable properties associated
with off-fault yielding. The first is directly related to the extent of
the yielding zone. As illustrated in Table 2, with the same initial
stress state and nucleation procedure, increasing rock cohesion can
reduce the size of the yielding zone and decrease, for crack ruptures,
the ratio of yielding zone thickness to rupture distance. This direct
effect is naturally expected from the adopted yielding criterion and
is generally consistent with the appearance of c in the closeness to
failure parameter of Templeton & Rice (2008):

0 )2 /4 + (σ 0 )2
(σx0x − σ yy
xy
.
(7)
CF =
0 ) sin φ + c cos φ
−(1/2)(σx0x + σ yy

In this limit the finite size of the rupture tip cohesive zone, which
is ignored in eq. (2), should become important. In addition, this
limit may approximate the case examined by Poliakov et al. (2002)
for semi-infinite cracks (L → ∞) with almost zero stress drop
(S → ∞).
We note that the scaling relations given by eqs (5) and (6) do
not apparently depend on the absolute value of the stress field
or any length scale, but rather imply a dependence of one nondimensional quantity on another. These scaling implications, along
with the previously reported self-similar slip profiles in Paper I, can
help identify crack-like earthquake ruptures based on field data,
and may be useful for jointly constraining (or inferring) the remote
stress field and/or fault frictional properties. As noted by Ben-Zion
& Ampuero (2009), theoretical estimates of Tmax /W for pulses of
width W can be derived in analogous fashion, with an appropriate function f II (vr , vh ) dependent also on the speed of the healing
front vh .

The second effect of rock cohesion is related to the microfracture orientation close to the fault. This effect operates through the
evolving rupture speed that is correlated with the amount of offfault yielding as a function of rock cohesion. To investigate the
effect of rock cohesion on off-fault dynamic stresses, and hence
yielding, we measure the expected microfracture orientation at a
distance of 0.125L 0 (half spectral element) from the fault plane on
the extensional side for  = 45◦ and smooth the measurements
over an along-strike length of 0.25L 0 (one spectral element).
Fig. 5(a) shows the predicted results for three friction coefficient
ratios of SWF (with f s fixed at 0.6), based on the non-singular crack
model of Poliakov et al. (2002). For all three cases, the angle  of
the expected microfractures relative to the fault (aligned to mode
I type) monotonically increases with the normalized rupture speed
vr /cs and asymptotically approaches 90◦ near the limit level c R /cs .
Fig. 5(b) shows the variation of the normalized rupture speed vr /cs
(solid curves with scale at the left vertical axis) and the inferred
angle  (discrete markers with scale at the right vertical axis)
obtained in the numerical simulations for three c values. For a
given rock cohesion the variations of  are positively correlated
with those of vr /cs . When comparing different cases with the same
rupture propagation distance, the angle  increases with the rupture
speed (associated with increasing rock cohesion).
The inset plot in Fig. 5(b) explicitly illustrates the correlation of 
with vr /cs in the range indicated by the dashed box. The numerical
results are generally in good agreement with the analytic prediction
for f d / f s = 0.167 (which corresponds to f d = 0.1 and f s = 0.6).
The systematic deviation of the numerically inferred angle  from
the analytic prediction may be explained by the essential differences
between the numerical and analytic models, e.g. with or without
stress relaxation once reaching the yielding criterion. We note that
as c becomes higher, reducing the influence of stress relaxation, the
numerical results get closer to the analytic prediction.

2.2 Influence of rock cohesion

2.3 Influence of material contrast across the fault

Several studies showed that the assumed value of rock cohesion
can influence rupture dynamics and off-fault yielding (e.g. BenZion & Shi 2005; Duan 2008; Ma & Andrews 2010). The effective

So far the properties of dynamic ruptures and off-fault yielding
zones have been investigated in an isotropic homogeneous medium.
However, large natural faults tend to separate different rock bodies

A more detailed analysis may employ simulations with additional
low values of S (before leading to supershear ruptures) or very
high S values. At the√former limit, additional terms of eq. (2) (i.e.
those included in O( r )) may have to be considered, because when
Tmax /L is expected to be fairly high the above analyzed terms may
not be sufficient to dominate the contribution to σi j . At the latter
limit when Tmax /L is expected to be very low, eq. (5) will reduce to
Tmax
1
∝ 2.
L
S
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Figure 6. Plastic strain distribution for crack-like ruptures on a bimaterial
interface with 20 per cent contrast for (a)  = 10◦ and (b)  = 45◦ . For
0 = −1.0σ and c = 0.2σ .
both cases, σx0y = 0.24σc , σ yy
c
c

strike-slip faults, plastic strain is mainly distributed with the employed parameters in the two extensional quadrants, generally following the pattern in an isotropic homogeneous medium. However,
the off-fault extent of the yielding zone is wider on the stiff side (in
the positive direction) than on the compliant side (in the negative
direction), consistent with the numerical results of Duan (2008).
Fig. 7 shows the slip velocity profiles at different times and
the estimated rupture speed beyond the nucleation zone for the
crack cases of Fig. 6. The results confirm that the rupture propagates as asymmetric bilateral crack for both cases, consistent with
the expectation that slip-weakening friction with relatively large

Figure 5. (a) Analytic prediction of close-to-fault microfracture orientation
as a function of rupture speed vr with a fixed static friction coefficient
f s = 0.6, based on the non-singular crack model of Poliakov et al. (2002)
(−R < x − vr t < 0, y ≈ 0− , with R being the size of process zone). (b)
Variation of numerically inferred close-to-fault microfracture orientation
and rupture speed along strike for cases with different rock cohesion values.
The inset shows the comparison between the numerical results in the dashed
box and the analytic prediction in about the same selected range.

(e.g. Ben-Zion 1990; Le Pichon et al. 2005; McGuire & Ben-Zion
2005; Thurber et al. 2006). In this section, we incorporate elasticity
contrast across the fault into our numerical procedure (Ampuero
& Ben-Zion 2008) and investigate how the bimaterial effect can
influence the generation and distribution of off-fault yielding.
As in Ben-Zion & Shi (2005) and later studies, we find that the
locations of the off-fault yielding can be strongly affected by the
existence of a bimaterial interface. In an isotropic homogeneous
medium, although the off-fault yielding zone is usually asymmetrically distributed across the fault (for a single event), the partition
pattern with respect to the hypocentre is symmetric. The latter symmetry can be broken by the presence of a material contrast across
the fault. This and the different stress concentrations between crack
and pulse type ruptures lead to various changes in yielding zones
properties.
Fig. 6 shows the distribution of plastic strain with 20 per cent
material contrast (see Paper I for definition) for crack-like ruptures
generated using SWF. When  = 10◦ , typical for thrust faults,
plastic strain is dominantly distributed on the compliant side in
the positive direction, while it apparently extends to both sides of
the fault in the negative direction, showing an asymmetric pattern with respect to the hypocentre. When  = 45◦ , typical for

Figure 7. Slip velocity profiles for the crack cases of Fig. 6 with the generalized Rayleigh wave speed being cG R = 0.825csfast for γ = 20 per cent.
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f s − f d and smooth nucleation procedures lead to asymmetric bilateral cracks on a bimaterial interface (e.g. Harris & Day 1997;
Shi & Ben-Zion 2006; Rubin & Ampuero 2007). In such cases,
the direction with higher propagation speed and peak slip velocity
depends, along with the generation of off-fault yielding, strongly on
. When  = 10◦ , the left propagating tip has faster rupture speed
and higher peak slip velocity than the one propagating to the right
(Fig. 7a), in contrast to the prediction for a purely elastic model in
the subshear regime (e.g. DeDontney et al. 2011). As  increases
to 45◦ , the tip propagating to the right has (Fig. 7b) faster speed and
higher peak slip velocity, consistent with the prediction for a purely
elastic model (e.g. Shi & Ben-Zion 2006; Brietzke et al. 2009).
The above differences in rupture and slip velocities may be explained by the generation of off-fault yielding, whose distribution
depends strongly on  and on the material contrast. When  = 10◦ ,
more plastic strain is distributed (Fig. 6a) on the compliant side (in
the positive direction) than on the stiff side (in the negative direction). Therefore, although the right propagating rupture may be
encouraged by the tensile change of normal stress right behind the
rupture front, the energy absorbed by the larger off-fault yielding
leads to lower rupture and peak slip velocities. When  = 45◦ , the
left propagating rupture generates larger plastic strain (Fig. 6b) and
compressive dynamic change of normal stress. Both effects lead to
higher rupture and slip velocities in the right (positive) direction.
These features are generally consistent with the numerical results
of DeDontney et al. (2011) with off-fault elasto-plastic response.
We note that DeDontney et al. (2011) reported failed ruptures under  = 45◦ and unilateral ruptures in the positive direction under  = 35◦ , in contrast to our asymmetric bilateral crack under
 = 45◦ . These small differences may be due to details associated with the employed material contrast, S parameter, and the
nucleation procedure. It should be mentioned that the bimaterial interface in our study separates as in, e.g. Ben-Zion & Shi (2005) and
DeDontney et al. (2011), materials of different elastic moduli and
mass densities. The lower density on the compliant side contributes
to generation of higher plastic strain on that side compared to the
stiff side. This, in turn, leads to reversed preferred rupture direction
under low  values. Duan (2008) used same mass density across
the fault in his studies of bimaterial ruptures and obtained higher
magnitude of plastic strain on the stiff side in contrast to our results
and to those of DeDontney et al. (2011).
In addition to the asymmetry of off-fault yielding zones with
respect to the hypocentre, we wish to find more signatures that may
help identify preferred rupture direction or reflect the existence of a
bimaterial fault. Among all the quantities that have been investigated
before, we find that off-fault microfracture orientation may be a
good indicator. Fig. 8 shows the inferred results for the crack cases
of Fig. 6. When  = 10◦ , the inferred angle  on the compliant side
has a higher average value than the one on the stiff side over the same
off-fault distance range (see ‘C+ ’ versus ‘C− ’ and ‘T− ’ versus ‘T+ ’
in Fig. 8a). Moreover, an interesting feature with a reversed sign of 
is observed in ‘C− ’, probably reflecting the interaction between the
slip-induced stress change and the local dynamic change of normal
stress. When  = 45◦ , although the major plastic yielding switches
to the extensional quadrants, the inferred angle  still has a higher
average value on the compliant side (‘T− ’) than on the stiff side
(‘T+ ’). The results hold for off-fault yielding produced by single
asymmetric bilateral ruptures. The cumulative effect of multiple
such ruptures with different hypocentre locations is expected to
produce off-fault yielding on both sides of the fault, but still with
a higher average angle  on the compliant side than on the stiff
one.
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Figure 8. Inferred microfracture orientation for the crack cases of Fig. 6
(see Fig. 1a for quadrant notations).

Figure 9. Plastic strain distribution for pulse-like ruptures on a bimaterial
interface with 20 per cent contrast for (a)  = 10◦ and (b)  = 45◦ . For
0 = −4.0σ and c = 0.
both cases, σx0y = 1.04σc , σ yy
c

Next we briefly discuss results for pulse-like bimaterial ruptures,
whose dynamic behaviour is more sensitive to the generation of
off-fault yielding. When  = 10◦ , the rupture propagates as an
asymmetric bilateral pulse with higher rupture and slip velocities
to the left (Figs 9a and 10a). In contrast, as  increases to 45◦ ,
the left propagating pulse is arrested after some distance and the
rupture eventually becomes a unilateral pulse propagating to the
right (Figs 9b and 10b). For both  = 10◦ and  = 45◦ , the local
T value correlates with the maximum slip velocity and final slip
(not shown here) at the same location (Figs 9 and 10), consistent
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Figure 10. Slip velocity profiles for the pulse cases of Fig. 9 with the
generalized Rayleigh wave speed being cG R = 0.825csfast for γ = 20 per
cent.

with the earlier results of Ben-Zion & Shi (2005). The correlation
with final slip can be related to the analysis in Section 2.1.2 and the
previous work by Ben-Zion & Ampuero (2009) that both the final
slip and the yielding zone thickness are expected to scale with the
pulse width. The inferred angle  at a given propagation distance
has higher average value on the compliant side than on the stiff side
for both cases (Fig. 11).
The above dynamic features can again be explained by the interaction between the generation of off-fault yielding and the bimaterial effect through the angle . However, we emphasize that
the dynamic behaviour of a propagating pulse is more sensitive to
off-fault yielding than that of a crack. With the same bimaterial
fault interface, the examined cracks continue to propagate bilaterally (asymmetrically) with and without off-fault yielding, while the
studied pulses can switch from being asymmetrically bilateral to
unilateral, depending on the amount of off-fault yielding. The latter
may be adjusted by changing the value of rock cohesion and/or S parameter. This implies that with a material contrast across the fault,
the asymmetry of the dynamic behaviour and the associated offfault yielding zones for pulse type ruptures can be more prominent
than that for cracks. In particular, the cumulative effect of the case
shown in Fig. 9(b) (with many hypocentre locations) is expected to
produce much more extensive off-fault yielding on the stiff side than
on the compliant side, in agreement with the numerical results of
Ben-Zion & Shi (2005) based on Coulomb type friction and various

Figure 11. Inferred microfracture orientation for the pulse cases of Fig. 9.

geological and seismological observations (e.g. Lewis et al. 2005,
2007; Dor et al. 2006, 2008; Mitchell et al. 2011).

2.4 Ruptures at different depth sections
So far we investigated properties of rupture-induced inelastic yielding zones by individually varying several controlling parameters
including the background stress state (in Paper I), S parameter, rock
cohesion and a possible contrast of rock elasticity and density across
the fault. Here we explore how combinations of these parameters
representing different depth sections can influence the generation
and properties of the inelastic yielding zones, with and without material contrast across the fault. In particular, we define three typical
depth sections, referred to as ‘shallow’, ‘intermediate’ and ‘deep’,
considering that the on-fault initial shear and normal stresses increase with depth. We also assume that the value of rock cohesion
increases with depth, in agreement with laboratory observations
that damage healing and cohesion increase with σ n (e.g. Johnson &
Jia 2005; Jaeger et al. 2007).

2.4.1 Without material contrast across the fault
We first quantify the effect of depth on crack-like ruptures (see
caption of Fig. 12). The angle  is fixed at 45◦ , consistent with
our focus on large strike-slip faults, and the shear to normal stress
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Figure 12. Plastic strain distribution for crack-like ruptures at conditions
representing different depth sections without material contrast across the
fault. For all cases, τ0 /(−σ0 ) = 0.24 or S = 2.571. Parameters for different
depth sections are: (a) σ0 = −1.0σc , c = 0.2σc ; (b) σ0 = −1.62σc , c =
0.48σc ; (c) σ0 = −3.06σc , c = 1.2σc .

ratio τ0 /(−σ0 ) is fixed at 0.24, associated with S = 2.571. To allow
comparable amount of released energy to nucleate the rupture, we
also fix the ratio of the applied nucleation size L nucl to the critical
size L c for different cases, leading to smaller L nucl with increasing
depth (σ0 ).
Fig. 12 shows the plastic strain distribution for crack ruptures at
the three depth sections. As expected, the off-fault yielding zone
for all three cases displays a triangular shape that is mainly distributed in the extensional quadrant (only the right half is shown
due to the symmetry). However, the off-fault extent and magnitude
of the plastic strain vary with depth. The thickness of the yielding
zone becomes progressively narrower for conditions representing
greater depth due to the increasing rock cohesion. The magnitude
of the plastic strain consistently increases with depth due to the increasing background stress and dynamic stress drop. These features
are consistent overall with the early 2-D results of Ben-Zion & Shi
(2005) and Rice et al. (2005), the more recent 2-D and 3-D simulation results of Ma (2008), Ma & Andrews (2010) and Kaneko
& Fialko (2011), and geological and seismological observations of
‘flower-like’ fault zone structure with depth (e.g. Rockwell & BenZion 2007, and references therein). In particular, seismic trapped
waves and related studies imply that low velocity fault zone layers
with considerable thickness are generally limited to the top several
kilometres of the crust (e.g. Ben-Zion et al. 2003; Lewis et al. 2005;
Lewis & Ben-Zion 2010; Yang & Zhu 2010; Yang et al. 2011).
We note that, as in Ben-Zion & Shi (2005) and later studies, we
used a fairly low cohesion value for shallow depth and relatively
high c for deeper sections. It appears that the assumed value of rock
cohesion at different depth sections plays a more important role
in controlling the yielding zone extent than other depth-dependent
conditions such as the normal stress. This is anticipated by the
scaling relation of eq. (5), indicating that when c is negligible,
T is similar for depth ranges with similar S parameter and rupture
length, similar angle θ near the rupture tip (Fig. 2d), and comparable
rupture speeds. To verify this expectation we performed simulations
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with same rock cohesion for different depth sections and found no
prominent variation of yielding zone thickness with depth, as long
as the assumed c value remains a small fraction (possibly zero)
of σ n at the shallowest examined depth. This is consistent with
the 3-D numerical simulation by Ma & Andrews (2010) of cracklike rupture with constant non-zero rock cohesion. As mentioned,
laboratory data indicate that rock cohesion should generally increase
with depth (e.g. Jaeger et al. 2007).
Fig. 13 shows the expected microfracture orientation over certain
off-fault distance range for the crack cases of Fig. 12. The results
generally display a similar pattern for all three depth sections: 
has a maximum value approaching 80◦ at a fault normal distance
d⊥ ≈ 0.4L 0 and it gradually decreases to about 60◦ at d⊥ ≈ 5L 0
(Figs 13a–c). This similarity may be explained by the fact that the
dynamic stress drop is proportional to the background stress, and
the total stress in eq. (T4) and plastic strain in eq. (T5) increase
linearly with depth. Despite the overall similarity, the difference
in the inclination angle  can still be observed by investigating
close-to-fault microfractures (d⊥ = 0.125L 0 ) due to rupture speed
variation with depth (Fig. 13d).
Fig. 14 shows the plastic strain distribution for pulse type ruptures
for conditions representing two depth sections. Since the dynamic
behaviour of rupture pulses is more sensitive to the generation of
off-fault yielding (and many other factors), only two depth sections,
referred to as ‘shallow’ and ‘intermediate’, are used. The assumed
values for S and c are slightly different from those used for the
crack ruptures but are self-consistent with variable depth conditions. In contrast to the crack cases of Fig. 12, the yielding zone
thickness for the pulse cases only slightly decreases with depth and
approaches a constant value along strike after its initial growth.
The mild depth variation might be explained by the tendency of the
ruptures generated with the employed rate-and-state friction law to
evolve from steady-state to self-similar pulse behaviour with increasing dynamic stress drop while keeping all other constitutive
parameters unchanged (e.g. Zheng & Rice 1998; Nielsen & Carlson
2000; Ampuero & Ben-Zion 2008). This is related to the fact that
self-similar (growing) ruptures usually produce broader yielding
zones than pulse-like ruptures that are approximately in steadystate (Ben-Zion & Shi 2005; Xu et al. 2012). The case representing
‘intermediate’ depth is associated with higher stress than the one
representing ‘shallow’ section. As a result, the more energetic rupture pulse at greater depth may partially counter or even overcome
the effect of the increased c with depth.
Fig. 15 shows the expected microfracture orientation for the pulse
cases of Fig. 14. The inferred angle  has an average value around
70◦ at both depth sections, and is slightly higher at the intermediate
depth probably due to the faster rupture speed at that depth (e.g.
Rice et al. 2005). Another interesting phenomenon is that the angle
 is approaching a constant as a function of fault normal distance
(characterized by the colour) beyond X = 200L 0 at shallow depth
(Fig. 15a). This and the constant yielding zone thickness beyond
X = 200L 0 in Fig. 14(a) imply that the rupture pulse approaches
quasi-steady propagation conditions around X = 200L 0 .

2.4.2 With material contrast
Here various degrees of material contrast across the fault are added
to represent different depth ranges. Following Ben-Zion & Shi
(2005), the degree of material contrast γ decreases with depth:
γ = 20 per cent for ‘shallow’, γ = 10 per cent for ‘intermediate’
and γ = 5 per cent for ‘deep’ sections (see Paper I for definition).
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Figure 13. (a)–(c): Inferred microfracture orientation for the crack cases of Fig. 12 at different depth sections. (d) Correlation between the close-to-fault
microfracture orientation and rupture speed at three typical depth sections.

Figure 14. Plastic strain distribution for pulse-like ruptures at conditions
representing different depth sections without material contrast across the
fault. For both cases, τ0 /(−σ0 ) = 0.26 or S = 2.125. Parameters for
different depth sections are: (a) σ0 = −4.0σc , c = 0.8σc ; (b) σ0 = −6.0σc ,
c = 2.4σc .

Except for the variable value of γ , all other parameters are the same
as in Section 2.4.1.
Starting with crack type ruptures, we find that with variable γ
the slip velocity profiles still show some asymmetry with respect
to the epicentre (similar to the results in Fig. 7b), while the slip
profiles and overall distribution of off-fault yielding zone have a
weak asymmetry with respect to the epicentre. The yielding zone

thickness linearly scales with the rupture distance at each depth,
with a mildly higher growth rate in the positive direction, and it
systematically decreases with depth for each propagation direction
(Fig. 16). The inferred angle  has a slightly higher average value
on the compliant side than on the stiff side over the same fault
normal distance range; this asymmetry becomes weaker with depth
(Fig. 17). Therefore, such cases are not expected to produce clear
asymmetric signals (co-seismic slip profiles and generated yielding
zones) that may be observed in geological studies. One may expect
that the cumulative effect of such cases with different hypocentre
locations will produce damage zones with a weak asymmetry across
the fault at shallow depth, and with almost symmetric distribution
at deeper sections.
The corresponding results for pulse cases exhibit stronger differences for conditions representing different depth sections of bimaterial faults. As shown in Fig. 18(a), although the pulse rupture
manages to propagate bilaterally for the shallow depth case (compare with the reference case in Fig. 9b), the asymmetry of the distributed yielding zone with respect to the hypocentre is still strong.
In the positive direction the pulse is associated with faster rupture
speed and growing yielding zone thickness, while in the negative
direction it has slower rupture speed and more localized off-fault
yielding zone with an approximately constant thickness. The difference in yielding zone thickness at X = ±220L 0 can be up to
a factor two and seems to continue to increase with propagation
distance. Similarly, the asymmetry in the local microfracture orientation with respect to the hypocentre is also prominent. The inferred
angle  has a higher average value and a smaller standard deviation

C 2012 The Authors, GJI, 191, 1343–1360
C 2012 RAS
Geophysical Journal International 

Dynamic rupture and off-fault yielding—II

1353

Figure 15. Inferred microfracture orientation for the pulse cases of Fig. 14 at different depth sections.

characteristics of yielding zones with theoretical and observational
results of others.

3.1 On faulting processes

Figure 16. Plastic strain distribution for crack-like ruptures at conditions
representing different depth sections on a bimaterial interface. Except for
the variable degree of material contrast, all the other parameters are as in
Fig. 12. Parameters for material contrast at different depth sections are: (a)
γ = 20 per cent, cG R = 0.825csfast ; (b) γ = 10 per cent, cG R = 0.873csfast ;
(c) γ = 5 per cent, cG R = 0.896csfast .

on the more compliant side than on the stiffer side (Fig. 19a). For
conditions representing intermediate depth, the asymmetries of the
yielding zone thickness and local  are highly reduced (Figs 18b
and 19b). The cumulative effect of multiple pulse-type ruptures on
different depth sections of a bimaterial fault is expected to produce a
relatively wide-spread damage zone at shallow depth mainly on the
stiff side, and a highly localized relatively symmetric damage zone
at greater depth. This is generally consistent with the simulation
results of Ben-Zion & Shi (2005).
3 DISCUSSION
As discussed and reviewed by various authors (e.g. Ben-Zion &
Sammis 2003; Wilson et al. 2003; Mitchell & Faulkner 2009;
Yamashita 2009), there are many proposed fault models for the formation and development of fault zone structures. Although these
models generally agree on the overall structure and elements of active fault zones (e.g. principal plane, fault core, damage zone), they
may be distinguished at different spatio-temporal scales (e.g. width
and functional form where inelastic deformation is non-zero, single
versus many ruptures, co-seismic versus inter-seismic periods) and
by some damage features that are specific to certain mechanical
processes. In the following subsections we attempt to synthesize
(Table 3) the findings from our parameter-space study on different
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The mechanism of generating off-fault yielding zones in our study,
by rapid progression of an earthquake rupture tip along a preexisting fault plane, is referred to as the ‘fifth model’ by Mitchell
& Faulkner (2009). This is the dynamic counterpart to their ‘third
model’ where off-fault damage is produced by the formation and
migration of a ‘process zone’ around the tips of a quasi-statically
growing fault. We generally do not differentiate between these two
models because they share many predictions such as asymmetrically
distorted stress field around the rupture or fault tip (e.g. Vermilye
& Scholz 1998; Poliakov et al. 2002). These models may be distinguished based on features (not simulated here) likely to be specific
to dynamic ruptures such as pseudotachylytes (e.g. Wenk et al.
2000; Di Toro et al. 2005) or pulverized rocks (e.g. Dor et al. 2006;
Doan & Billi 2011; Mitchell et al. 2011). More subtle features that
depend on rupture speed, such as the degree of stress distortion near
rupture tip reflected by the microfracture orientation, and magnitude
of stress drop reflected by the off-fault extent of damage zone (e.g.
Andrews 1976; Rice 1980; Sibson 1989) are highly non-unique. For
simplicity, we will call both models of damage production around
propagating rupture and/or fault tip the ‘process zone’ model (PZM)
and assume that the fault plane generally remains planar.
Another fault model (referred to by Mitchell & Faulkner (2009)
as the ‘fourth’ model) emphasizes the roughness of the fault surface and suggests that the off-fault damage is due to the stress
interaction and cycling over fault irregularities during displacement
(e.g. Scholz 1987; Chester & Chester 2000; Wilson et al. 2003; Dieterich & Smith 2009). Depending on the fault surface model (e.g.
roughness, frictional properties), the resulting off-fault damage can
have different attributes at different scales. For convenience, we
will call this model the rough fault model (RFM). One outcome
of this model is the prediction that the perturbed principal stress

can have higher magnitude and higher inclination angle relaσmax
tive to local fault surface around a restraining bend than around a
releasing bend (Fig. 1b), assuming the two bends have comparable
size (e.g. Chester & Fletcher 1997; Griffith et al. 2010). Additional mechanisms for generation of fault zone damage, referred to
by Mitchell & Faulkner (2009) as the ‘first’ and ‘second’ models
are, respectively, processes related to fault initiation and interaction
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Figure 17. Inferred microfracture orientation for the crack cases of Fig. 16 at different depth sections.

tures involving multiple fault cores, intersection between different
faults, and various 3-D effects may have features associated with
superposition of the discussed entries and additional interactions
not considered in this work. Various quantitative connections between faulting processes and damage structure are discussed further
below.

3.2 Key signatures of PZM and RFM in yielding zones
Figure 18. Plastic strain distribution for pulse-like rupture at conditions
representing different depth sections on a bimaterial interface. Except for
the variable degree of material contrasts, all the other parameters are as in
Fig. 14. Parameters for material contrast at different depth sections are:
(a) γ = 20 per cent, cG R = 0.825csfast ; (b) γ = 10 per cent, cG R =
0.873csfast .

between different faults. These two processes are not considered in
our following discussion.
Table 3 summarizes results on signatures of fault damage from
our parameter-space study, along with expectations from other studies involving quasi-static PZM and fault motion associated with the
RFM. The items listed at the top of Table 3 are various features that
may be used to characterize different controlling mechanisms and
the associated damage zone structure. The items listed vertically on
the left give additional specifications for each fault model. The angle  is assumed to be moderate to high, consistent with our focus
on large strike-slip faults. A single dominant principal displacement
surface in 2-D approximation is typically assumed. Damage struc-

With our assumption on relatively high  and failure criteria that
depend on normal stress, the PZM generally predicts for both quasistatic process and a single dynamic rupture that the off-fault yielding
zone is more prominent on the extensional side of the fault (e.g. Yamashita 2000; Poliakov et al. 2002; Rice et al. 2005; Willson et al.
2007). This prediction is consistent with observations of asymmetrically distributed tensile cracks near the tips of shear fractures or
pre-existing cuts in analogue experiments (Misra et al. 2009), tensile cracks along the two extensional quadrants of a small fault
(Lim 1998), and tensile cracks along a frictional interface sustaining dynamic rupture in laboratory experiments (Griffith et al. 2009).
Coupling this asymmetry with an assumed preferred propagation
direction of bimaterial ruptures was used to explain the prominent
damage asymmetry observed across several large strike-slip faults,
with significantly more damage on the sides with faster seismic
velocity at depth (e.g. Dor et al. 2006, 2008; Wechsler et al. 2009;
Mitchell et al. 2011).
There have been suggestions that damage asymmetry may be expected also for macroscopically symmetric bilateral ruptures (Rubin
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Figure 19. Inferred microfracture orientation for the pulse cases of Fig. 18.

& Ampuero 2007; Duan 2008). However, the results of DeDontney
et al. (2011) and our study indicate that significant damage asymmetry is unlikely to be generated by macroscopically symmetric
bilateral cracks for conditions representing shallow depth where
the damage asymmetry has been observed. As mentioned in the
introduction of Paper I, this is consistent also with results of Duan
(2008) with low cohesion. Considerable damage asymmetry consistent with observations seems to require macroscopic rupture asymmetry in the form of unilateral cracks (e.g. fig. 5a of DeDontney
et al. 2011), asymmetric bilateral pulses (e.g. this study, Fig. 19a),
or unilateral pulses (e.g. fig. 5a of Ben-Zion & Shi 2005; this study,
Fig. 9b). This is discussed further in Section 3.3.
The PZM also predicts that microfractures are asymmetrically
oriented around the rupture or fault tips, with lower and higher angles on the compressional and extensional side, respectively. The
predicted sets of microfractures for small and immature faults (related to designation ‘A’ in Table 3) have been observed in the field
(Vermilye & Scholz 1998). For relatively large and mature faults
that are seismically active (related to designation ‘B’ in Table 3), a
mixture of predicted sets of microfractures is likely to be observed
due to overprinting involving multiple rupture events nucleated at
different locations. The dynamic effects of rapidly propagating ruptures, for both crack and pulse types, may modify the microfracture
orientation by promoting higher inclination angle on the extensional
side at higher rupture speed in the subshear regime (e.g. Poliakov
et al. 2002; Rice et al. 2005). This has been observed in laboratory
experiments for the rupture speed range 0.7c R < vr < 0.85c R (Ngo
et al. 2012), but the effect may be too subtle to observe in the field.
When considering different rupture types (crack versus pulse) of
PZM, specific signatures are additionally predicted by the scaling
relation between the macroscopic properties of the yielding zone
(e.g. shape, thickness) and kinematic properties of the rupture (e.g.
rupture length, slip and slip velocity). As mentioned, self-similar
ruptures (either cracks or pulses) are expected to produce for single
events triangular-shape damage zones (e.g. Andrews 2005; Templeton & Rice 2008), while nearly-steady pulse-like ruptures produce more localized damage zones with approximately constant or
a slightly growing thickness (e.g. Ben-Zion & Shi 2005; Dunham
et al. 2011a). A triangular-shape damage zone may also be produced
by quasi-statically expanding cracks, and it has been observed at
various positions along the trace of the Gozo fault in Maltese islands (Kim et al. 2004, Fig. 7a). The dynamic and quasi-static crack
type faulting processes may be distinguished by the ratio of maximum damage zone thickness to crack length, if the stress drop
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during dynamic ruptures is usually less than that during quasi-static
processes involving fracturing intact rocks (Sibson 1989). Observations of more localized damage generated by nearly steady pulse
ruptures may provide information on rupture speed, stress drop and
pulse width (Ben-Zion & Ampuero 2009), along with the maximum slip velocity at a position having a given yielding thickness
(Ben-Zion & Shi 2005).
The general signatures of the RFM-promoted fault damage zones
may be characterized by ‘irregular’ distribution of yielding zone
properties along directions parallel or normal to the general fault
strike. Nevertheless, at certain sections of the rough fault, some
yielding zone properties may show correlations with the local geometric or kinematic properties of the fault. Assuming small quasistatic displacement and small amplitude-to-wavelength ratio, simple
model calculations for a wavy fault with a single spectral component
predict off-fault yielding that is symmetric with respect to the local
fault plane and local damage extent that scales with the wavelength
of the fault surface (Chester & Chester 2000). The local microfracture orientation in potential-yielding zones depends on the type of
fault bend, background stress state and fault frictional properties.
For relatively weak faults with moderate to high , the perturbed
stress field induced by fault roughness may produce high-angle
microfractures associated with high-magnitude fault normal stress
around restraining bends (designated by ‘C∼’ in Fig. 1(b) and
Table 3), low-angle microfractures associated with possible fault
opening around releasing bends (designated by ‘T∼’ in Fig. 1(b)
and Table 3), and/or strong rotation in principal stress axes (see
Fig. 1b for definition) near the convex corners of the fault (Saucier
et al. 1992; Chester & Chester 2000; Griffith et al. 2010). More
realistic quasi-static calculations incorporating fault roughness at
many scales are expected to produce complex distribution of yielding zones along the entire fault, but not to change the basic features
produced by recent failure events around each spectral component
at its characteristic scale. The forgoing predictions related to fault
roughness have been applied to explain the reversed sense of shear
stress near the SAF in the Cajon Pass area (Saucier et al. 1992) and
the observed fault-normal and fault-parallel microfractures along
the Punchbowl fault in southern California (Wilson et al. 2003).
With increasing fault displacement, large-scale geometrical asperities are expected to become involved and rocks may undergo
stress cycling by the juxtaposition of different irregularities of various scales and types during the change of fault configuration.
This may lead to two long-term cumulative features. (1) The average yielding zone thickness is expected to scale with the total
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Dieterich & Smith (2009), Griffith et al. (2010)
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Ben-Zion & Shi (2005), Ampuero & Ben-Zion (2008),
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Duan (2008), DeDontney et al. (2011),
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Rice et al. (2005), Ben-Zion & Ampuero (2009),
Dunham et al. (2011a), paper I (Figs 7, 12, 16 and 17)
this study (Figs 14 and 15)

Crack
Cowie & Scholz (1992b), Scholz et al. (1993),
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Mitchell & Faulkner (2009), paper I (Figs 7, 11, 13–15),
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Crack
Cowie & Scholz (1992a), Scholz et al. (1993),
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Notes & References (this study = paper II)

PZM = Process Zone Model (with approximately planar fault interface), RFM = Rough Fault Model. A single principal fault surface is assumed. The angle  of the background maximum compressive stress
relative to the fault is assumed to be moderate to high, representive for (but not limited to) large strike-slip faults.
† The orientation is described by the angle  of the measured (or inferred) microfractures (aligned to the mode-I type) relative to the fault.
A: in a short-term process (e.g. during a single seismic event or with small amount of displacement), B: in a long-term process (e.g. after multiple seismic cycles with variable hypocenter locations or with large
cumulative displacement); “C”&“T”: compressional and extensional quadrants, respectively; “C∼”&“T∼”: restraining and releasing bends, respectively; Id : dilatant microfractures (under compression), It :
tensile microfractures (under transient tension); II: mode-II shear microfractures; T: damage zone thickness; d: displacement or seismic slip; d 0 : characteristic displacement on the trailing edge of process zone;
L: fault half length or rupture distance; ρ: microfracture density or its equivalence (e.g. seismic potency density); v r : rupture speed; τ d : dynamic shear strength of the fault; τ s : static shear strength of the fault; S:
relative strength S parameter (see the text); v max : maximum slip velocity; γ : degree of material contrast; f : friction coefficient; β: roughness (e.g. rms slope) of fault profile; λ: wavelength of fault profile.
Subscript “max ” is used to specify the maximum value of a quantity (e.g. d max , T max , ρ max ).

RFM

PZM

Dynamic

Quasi-static
(A&B)

Table 3. Observable features of fault damage zones (in 2-D approximation).

1356
S. Xu, Y. Ben-Zion and J.-P. Ampuero


C 2012 The Authors, GJI, 191, 1343–1360
C 2012 RAS
Geophysical Journal International 

Dynamic rupture and off-fault yielding—II
displacement and largest wavelength of fault roughness along
the examined fault segment (Chester & Chester 2000; Savage &
Brodsky 2011). (2) An overprinting of microfractures is expected
to produce a mixture of low- and high-angle microfractures at an
arbitrary location inside the yielding zone, and the maximum microfracture density is expected to correlate with the fault displacement (Wilson et al. 2003; Mitchell & Faulkner 2009).
All models predict a decay of microfracture density with distance
from the principal fault surface. The results of this study indicate
that the functional form of the decay is logarithmic over most of
the yielding zone extent (e.g. Fig. 3), consistent with the numerical
study of Yamashita (2000). In contrast, Dieterich & Smith (2009)
suggested based on quasi-static simulations of slip on a rough fault
a power law decay of damage with distance from the fault. Some
studies on quasi-static deformation of a wavy fault had an exponential component in the solution for the decay of the perturbed
stress field from the fault (Saucier et al. 1992; Chester & Chester
2000), suggesting exponential damage decay in locations where this
component dominates the full solution. The functional forms used
to fit field observations vary in different studies. Vermilye & Scholz
(1998) fitted microfracture density decay for several small faults in
New York State with a logarithmic form. Mitchell et al. (2011) used
the logarithmic form to fit the reduction of rock pulverization intensity with distance from the main slip surface of the Arima-Takatsuki
Tectonic line in Japan. Savage & Brodsky (2011) used a power
law to fit fracture density decay for small faults near Santa Cruz,
California. Mitchell & Faulkner (2009) used an exponential decay
form for the Atacama fault zone in northern Chile. The difference
in fitting functions may stem from a preference related to assumed
models or intended use, or it may reflect actual differences in the
key operating processes associated with the different examined locations.
3.3 Mechanisms for damage generation off a bimaterial
fault
Several effects can contribute to asymmetric off-fault damage distribution produced by multiple earthquake ruptures on a planar
bimaterial fault. The opposite senses of normal stress changes near
the rupture tips propagating in the opposite directions can lead to
the development of unidirectional pulse or bilateral rupture with
asymmetric slip and rupture velocities (e.g. Shi & Ben-Zion 2006;
Ampuero & Ben-Zion 2008; Brietzke et al. 2009). Since damage is
promoted on the extensional side for cases with high  representing large strike slip faults, ruptures that are unilateral or more pronounced in one direction, will produce asymmetric damage across
the fault.
As shown in Figs 6–7 and 9–10 and by DeDontney et al. (2011),
in cases with high  the coupling of off-fault energy dissipation
due to yielding contributes to the asymmetry of bimaterial ruptures
compared to purely elastic cases. (In cases with low  representing
thrust faults, the off-fault energy dissipation can produce opposite
rupture asymmetry). The combined result is expected to produce for
subshear ruptures on large strike-slip faults a statistically preferred
propagation in the positive direction (Fig. 1a), associated with more
prominent damage on the stiff side. The type of damage generated
may be shear, tensile, or a mixture of both, depending on the adopted
criteria and competition between different failure modes. We note
that although in some studies the elastically predicted or modelled
plastic strain is a shear type failure, its generation in some regions
may be associated with tensile stress or normal stress close to tensile
(e.g. Andrews & Ben-Zion 1997; Ben-Zion & Huang 2002; Dalguer
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& Day 2009). Therefore this type of damage may be used as an
indicator for potential tensile stress, at least for some locations on
the extensional side and along the fault right behind the rupture tip
in the positive direction (Duan 2008).
Some damage asymmetry across a bimaterial interface can also
be produced under quasi-static loadings. This has been invoked to
explain asymmetric tensile micro-cracking near grain boundaries
separating different minerals (e.g. Dey & Wang 1981; Kranz 1983).
However, in such cases involving approximately planar boundaries
the damage is confined to the immediate vicinity of the interface.
In cases of large bimaterial faults with roughness, more extensive
damage with potential tensile cracking may occur quasi-statically
during the interseismic period around releasing bends (e.g. Chester
& Chester 2000). However, this is expected to be dominated by the
roughness and hence produce approximately symmetric damage.
A related topic is the observation of pulverized rocks along several large strike-slip faults (e.g. Dor et al. 2006, 2008; Mitchell et al.
2011). The pulverized rocks were found to be strongly asymmetric
with respect to the main slip zone, with most pulverized rock bodies
on the side with faster seismic velocity at depth. The damage asymmetry documented in these studies extends over hundreds of metres,
and has been observed in places to be accompanied by across-fault
asymmetry over several km involving various geomorphic features
(e.g. Dor et al. 2008; Wechsler et al. 2009). Several signatures of
the observed pulverized rocks suggest that they are produced under
conditions associated with tensile stress (see Mitchell et al. 2011,
and references therein). Experimental studies suggest that generation of pulverized rocks require high dynamic strain rates (Doan &
Gary 2009; Doan & Billi 2011).
The wide extent of the observed pulverized rocks, their observations in the context of large bimaterial strike-slip faults and their
existence primarily on the side with faster velocity at depth suggest
that they are likely produced by repeated predominantly unilateral
or strongly asymmetric bilateral ruptures. Based on the results of
Sections 2.3 and 2.4.2 that weakly asymmetric ruptures are not expected to produce significant damage asymmetry in low cohesion
materials typical of shallow depths and previous related studies,
we may conclude that strongly asymmetric fault zone damage that
includes pulverized rocks is likely generated by pulse-type ruptures with statistically preferred propagation direction, although we
cannot exclude the unilateral or strongly asymmetric crack-type
ruptures (see discussion in Section 3.2).
3.4 Limitations of the presented results and potential
future improvements
We have used 2-D simulations to explore changes of fault zone damage with depth that is likely generated by dynamic ruptures. Our
2-D simulations with the adopted Mohr-Coulomb criterion do not
account for the stress/strength gradient with depth (Ma & Andrews
2010), the effect of the intermediate principal stress in influencing rock damage (Lockner & Beeler 2002), the finite width of the
seismogenic zone and the free surface (Day 1982; Ma & Andrews
2010). In particular, the finite seismogenic depth implies an upper
limit on self-similar rupture growth (Day 1982). Concerning our
results about the evolution of the plastic zone thickness for selfsimilar and quasi-steady ruptures, this suggests that the extent of
the damage zone scales linearly with fault length up to a value
proportional to the seismogenic depth. More precisely, our results
for  = 45◦ (Fig. 4) imply that the fault zone thickness saturates
at a value of a few per cent the seismogenic depth, which is a
few hundred metres. This provides a possible explanation for the
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observation that fault zone thickness for faults with large cumulative slip is typically a few hundred metres, independently of fault
length (Mitchell & Faulkner 2009; Savage & Brodsky 2011).
Our 2-D simulations do not properly reflect the sensitivity of the
Green’s function to a local disturbance in 3-D (Evans 1998, chapter
2.4). Moreover, we have adopted a simple setting of model parameters without introducing saturation of the effective normal stress
at some depth or implied scaling relation of the slip-weakening distance with final slip (e.g. Rice 1993; Abercrombie & Rice 2005),
nor did we consider effects associated with pre-existing low velocity fault zone layer (e.g. Harris & Day 1997; Ben-Zion & Huang
2002; Huang & Ampuero 2011). These limitations could accordingly affect our evaluation of the 3-D structure of fault damage
zones. Given that many adopted yielding criteria in both 2-D and
3-D are pressure dependent (e.g. Templeton & Rice 2008; Ma &
Andrews 2010) and the size of potential off-fault failure zone may
scale with the slip-weakening distance (Rice et al. 2005), our results
should be augmented by a future parameter-space study using 3-D
simulations of crack- and pulse-like ruptures.
Only limited numerical simulations of dynamic ruptures along
rough faults have been performed so far, mainly with a focus on
high-frequency radiation and basic properties of off-fault yielding
(e.g. Dunham et al. 2011b; Shi & Day 2011). As indicated in Table 3
for this category, there are many yielding zone properties that are
not covered or explored by these studies, such as the competition between properties of dynamic ruptures and generated yielding zones.
Some results of dynamic rupture models show no or little damage
in the immediate vicinity of fault releasing bends (Dunham et al.
2011b, Fig. 3c) or fault kink that is oriented into the extensional
quadrant (Duan & Day 2008, Fig. 13), in contrast to the quasi-static
expectations for a wavy fault (Chester & Chester 2000). These and
other issues should be clarified by future simulations of ruptures on
rough faults.
The simulations done in this study and related earlier works used
off-fault yielding in the form of plastic strain, rather than brittle
damage as observed geologically (e.g. Wilson et al. 2003; Dor et al.
2008; Mitchell & Faulkner 2009) and seismologically (e.g. Lewis
et al. 2005; Allam & Ben-Zion 2012) in the structure of natural faults. Brittle damage is associated with permanent volumetric
changes (e.g. Jaeger et al. 2007), and the reduction of elastic moduli in the damage zones can lead to significant motion amplification
(e.g. Spudich & Olsen 2001; Peng & Ben-Zion 2006) and additional
dynamic feedback mechanisms not accounted for by plasticity. Examining the effects of such mechanisms, and producing clearer
predictions on damage products that may be compared with in-situ
observations, require simulations that incorporate brittle damage.
This will be done in a follow up work.
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