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13.1. INTRODUCTION

A typical fault zone architecture comprises a highly 
deformed core surrounded by a damage zone composed 
of rocks with higher fracture density and lower elastic 
moduli than the host rocks. In most mature faults, dam-
age zones are 100 to 400 m wide and have between 20% 
and 60% wave velocity reductions relative to their host 
rock [e.g., Huang and Ampuero, 2011, and references 
therein]. Studying the formation of damage zones pro-
vides insight into the mechanical, hydraulic, and seismic 
behavior of faults. Fault zone damage is in part inherited 
from the early process of fracture coalescence and strain 
localization that led to the formation of the fault, and in 

part results from damage during earthquakes [Mitchell 
and Faulkner, 2009]. Damage zone thickness, defined as a 
characteristic scale of the cross‐fault distribution of frac-
ture density, varies from a few centimeters on small faults 
to a few hundred meters on large mature faults. Field 
observations indicate that damage zone thickness scales 
linearly with accumulated fault displacement, which is 
one measure of fault maturity, but saturates at a few hun-
dred meters for fault displacements larger than a few kil-
ometers [Mitchell and Faulkner, 2009, 2012; Savage and 
Brodsky, 2011]. Explaining this transition of scaling 
behavior is the main goal of the present work.

Understanding what controls damage zone thickness is 
important because this parameter can have significant 
effects on earthquake rupture, seismic wave radiation, 
state of stress, and hydromechanical properties of the 
crust. The transition from damage zone to host rock is 
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The thickness of fault damage zones, a characteristic length of the cross‐fault distribution of secondary  fractures, 
significantly affects fault stress, earthquake rupture, ground motions, and crustal fluid transport. Field observa-
tions indicate that damage zone thickness scales with accumulated fault displacement at short displacements but 
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scaling behavior, we conduct 3D numerical simulations of dynamic rupture with off‐fault inelastic deformation 
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from crack‐like to pulse‐like rupture propagation associated with saturation of the seismogenic depth. The yield-
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fracture mechanics theory, we show that seismogenic depth controls the upper bound of damage zone thickness 
on mature faults by limiting the efficiency of stress concentration near earthquake rupture fronts. We obtain a 
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fault yield strength, and seismogenic depth, which agrees with first‐order field observations. Our results help link 
dynamic rupture processes with field observations and contribute to a fundamental understanding of damage 
zone properties.
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often sharp, marked by a change of decay rate of fracture 
density as a function of distance to the fault core [Johri 
et  al., 2014b]. Earthquakes happening inside damage 
zones can thus generate reflected waves and head waves, 
which can enhance ground motion near the fault [Spudich 
and Olsen, 2001] but also interact with earthquake 
 ruptures and modulate rupture properties such as rup-
ture speed, slip rate, and rise time [Huang et  al., 2014; 
Pelties et al., 2014]. In particular, seismological evidence 
of rupture speeds enhanced by fault zone effects was 
recently presented by Huang et al. [2015] and Perrin et al. 
[2016b]. Damage zones may also alter the stress field 
 surrounding faults, leading to mean stress increase and 
stress rotations, thereby allowing high pore fluid pressure 
weakening of unfavorably oriented faults [Faulkner et al., 
2006]. The effect of reduced elastic moduli in damage 
zones and their systematic changes along strike induced 
by fault growth help explain patterns of long‐term fault 
displacement and earthquake slip distributions [Cappa 
et al., 2014; Perrin et al., 2016b]. Damage zone thickness 
is also an important factor affecting the fluid transport 
and storage properties of the crust and reservoirs 
[Johri et al., 2014b].

Off‐fault inelastic deformation is observed all along the 
rupture trace of large earthquakes [e.g., Milliner et  al., 
2015], demonstrating the importance of damage gener-
ated coseismically in the vicinity of propagating rupture 
fronts. Off‐fault yielding during dynamic rupture propa-
gation has been previously studied through analytical 
approaches [Poliakov et al., 2002; Rice et al., 2005] and 
numerical simulations with off‐fault plasticity [e.g., 
Andrews, 1976a, 2005; Gabriel et al., 2013] or continuum 
damage [Xu et al., 2014]. Plastic strain is often discussed 
as a proxy for damage [e.g., Xu et al., 2012a, b] and can be 
mapped into fracture density for comparison with field 
observations [Johri et  al., 2014a]. The thickness of the 
off‐fault yielding zone generated by a single self‐similar 
rupture (crack‐like or pulse‐like) increases linearly with 
distance from the hypocenter [Andrews, 2005; Gabriel 
et al., 2013]. In contrast, the yielding zone thickness gen-
erated by steady‐state pulse‐like ruptures remains con-
stant [Ben‐Zion and Shi, 2005; Ben‐Zion and Ampuero, 
2009; Xu et al., 2012a, b]. The accumulated effect of mul-
tiple slip events can be considered a superposition of the 
coseismic plastic strain fields of each individual slip event 
[Johri et al., 2014a]. Most previous numerical studies of 
coseismic damage are based on 2D models or on 3D 
models of relatively short ruptures [Ma and Andrews, 
2010] and are unable to consider the influence of the 
aspect ratio of a rupture, i.e., the ratio of its along‐strike 
length to along‐dip width. A notable exception is the 3D 
simulations of long ruptures by Shi and Day [2013], which 
yielded an eventually stable thickness of the off‐fault 
plastic zone. As proposed by Day [1982] on the basis of 

an asymptotic analysis of stress concentration near a 3D 
rupture front, the inelastic deformation induced by a rup-
ture with high aspect ratio is controlled by width rather 
than length.

In this study, we use 3D numerical simulations of 
dynamic rupture on strike‐slip faults with large aspect 
ratios to study first‐order aspects of the off‐fault yielding 
pattern in long faults. In particular, we assess the role of 
seismogenic depth in limiting fault zone thickness. The 
ingredients of our model, described in section 13.2, are 
intentionally minimalistic: material properties surround-
ing the fault are uniform, a linear slip‐weakening friction 
law is assumed on the fault. In section 13.3, comparing 
results of simulations with different seismogenic depths, 
we find that the distribution of inelastic strain is con-
trolled by the transition from crack‐like to pulse‐like rup-
ture propagation associated with saturation of the 
seismogenic depth. The yielding zone reaches its maxi-
mum thickness when the rupture becomes a stable pulse‐
like rupture. In section  13.4 we develop quantitative 
insight, from the perspective of fracture mechanics, on 
how the transition to pulse‐like rupture in long faults 
explains the saturation of damage zone thickness with 
accumulated fault displacement. In particular, we show 
that seismogenic depth controls the upper limit of dam-
age zone thickness on mature faults. In section 13.5 we 
discuss how our results help link dynamic rupture models 
with field observations and contribute to a fundamental 
understanding of damage zone properties.

13.2. MODEL DESCRIPTION

The geometry of our numerical model is shown in 
Figure 13.1a. The fault is long enough (along strike) for 
dynamic rupture to reach an approximately steady state 
after it reaches the surface and bottom boundaries of the 
fault (Figures 13.2 and 13.3a). The simulation domain is 
large enough to avoid boundary effects. We aim to dem-
onstrate the influence of seismogenic depth (W) on rup-
ture propagation and inelastic response near advancing 
rupture fronts. Therefore, we consider a single, vertical, 
and planar strike‐slip fault embedded in a uniform mate-
rial with P‐wave velocity of 6 km/s, S‐wave velocity of 
3.464 km/s, and density of 2670 kg/m3.

The initial stress field is depth dependent, and fluid 
pressure is hydrostatic and time independent. The direc-
tions of principal stresses are shown in Figure 13.1a and 
the initial effective normal stress and shear stress on the 
fault in Figures 13.1b and c, respectively, for the case with 
W = 15 km. To avoid a sudden arrest of rupture at depth, 
the deviatoric components of stress are linearly tapered 
to zero from 12 km to 15 km depth and the normal stress 
increases up to the same value as the effective intermedi-
ate principal stress.
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Figure 13.1 Model setup. (a) Model geometry and background stresses. σ1 and σ3 are maximum and minimum 
principal initial stresses, respectively. The angle between σ1 and the fault strike is 30.96° and the intermediate 
principal stress is vertical. The seismogenic zone depth is denoted by W. (b) Fault plane view showing the nuclea-
tion zone (circle), a shallow zone of increased cohesion and a deep zone of tapered stresses. (c) Initial stresses 
and frictional strength on the fault as a function of depth.

0

15

0

D
ep

th
 (k

m
)

15
–80 –40 0 40

Distance along fault (km)
80

10

5

Sl
ip

 ra
te

 (m
/s

)

0

1.75s

3.75s

7.50s

12.50s

17.50s

22.50s

Figure 13.2 Development of a steady pulse‐like rupture on a long fault. Distribution of horizontal slip rate at 
six  different times (indicated by labels on the top left of each panel) in a dynamic rupture simulation with 
 seismogenic depth W = 15 km. See electronic version for color representation.
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A linear slip‐weakening friction law [Andrews, 1976a] is 
employed in which the friction coefficient μ is a function 
of cumulative slip D:

 D D Ds s d cmin , ,/ 1  (13.1)

where μd is the dynamic friction coefficient, μs is the static 
friction coefficient, and Dc is the critical slip‐weakening 
distance. Here, we assume μs = 0.6, μd = 0.1 (representative 
of thermally weakened faults), and Dc = 0.3 m (represent-
ative of seismological estimates for large earthquakes). 
The fault strength τ includes a cohesion Co (different 
from off‐fault plastic cohesion C, which will be 
discussed later):

 C Po n f , (13.2)

where σn is normal stress on the fault and Pf is fluid 
pressure. To avoid an excessively intense surface break 
of  the rupture, Co is set to 0.4 MPa at depths larger 
than 3 km and linearly increases to 4 MPa from 3 km 
depth to the surface (Figure  13.1b, c). The relative 
strength S parameter [Andrews, 1976b; Das and Aki, 
1977], defined by

 
S s

d

0

0

, (13.3)

where τ0 is initial shear stress, s s 0 is static strength, 

d d 0 is dynamic strength, and σ0 is initial normal 
stress, is set to 2 on most of the fault (Figure 13.1c).

Rupture initiation is achieved by forcing the fault 
to  rupture within a circular zone surrounding the 
 hypocenter (Figure 13.1b). We linearly reduce the friction 
coefficient from its static value at specified time T to its 
dynamic value within a time period to = 0.5 s. T is set to be 
infinity outside the nucleation zone, and inside the nucle-
ation zone
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where r is the distance from the hypocenter, rcrit is the 
radius of the nucleation zone (set to 3 km here), and VS is 
shear wave velocity. This procedure forces the rupture to 
expand at a variable speed, about 0.7VS near the hypo-
center and decreasing to zero at rcrit. Spontaneous rupture 
gradually overtakes the ever‐slowing forced rupture.

The Drucker‐Prager yield criterion [Drucker and 
Prager, 1952] is adopted in our study as the off‐fault 
yielding criterion, by which the yield stress Y(σ) depends 
on the mean normal stress:

 Y P sin C coskk f/3 , (13.5)

where σ is the stress tensor, φ is the internal frictional 
angle, and C is the plastic cohesion. The maximum shear 
stress is

 
max ij ijs s
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, (13.6)
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Figure 13.3 Slip rate (a) and slip (b) profiles every 2.5 s from 1.25 s to 26.25 s at 7.5 km depth for the rupture 
model with W = 15 km.
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where s is the deviatoric part of the stress tensor

 
sij ij kk ij

1
3

. (13.7)

A Drucker‐Prager yield function is defined as

 F Ymax , (13.8)

with yielding starting when F(σ) = 0. After yielding starts, 
the Duvaut‐Lions‐type viscoplasticity [e.g., Duan and 
Day, 2008] is used to calculate the accumulation of plas-
tic strain εp through

 
ij

ij

maxT
F

s1
2

, (13.9)

where μ is shear modulus and Tv is the viscoplastic relaxa-
tion time scale. Viscosity is included here as an artificial 
means to mitigate mesh‐dependency due to extreme 
strain localization [Templeton and Rice, 2008]. A scalar 
quantity is defined to describe the magnitude of plastic 
strain (Figures 13.4 and 13.5) as

 0 2p
ij
p

ij
p . (13.10)

In this study φ = arctan(0.6), C = 1.36 MPa, and Tv = 0.03 s.
The 3D dynamic rupture problem coupled to wave 

propagation and plastic deformation is solved numeri-
cally with SPECFEM3D, a code based on the spectral 
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analysis. See electronic version for color representation.
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element method [Kaneko et al., 2008; Galvez et al., 2014]. 
The implementation of viscoplasticity in SPECFEM3D 
was verified by comparison to other numerical methods 
in a community benchmark problem [Harris et al., 2011].

13.3. SIMULATION RESULTS

13.3.1. Crack‐ to Pulse‐Like Rupture Transition 
Controlled by Fault Geometry

Seismic observations and dynamic rupture models 
indicate that rise time, the duration of earthquake slip at 
a given point on a fault, can be either comparable to or 
much shorter than the overall earthquake duration. The 
former case defines crack‐like ruptures [Madariaga, 
1976], while the latter case corresponds to pulse‐like rup-
tures [Heaton, 1990]. Proposed mechanisms of local slip 
arrest leading to pulse‐like ruptures include self‐healing 
due to velocity‐dependent friction [e.g., Perrin et  al., 
1995; Beeler and Tullis, 1996] and stopping phases 
 (healing fronts) generated by spatial changes of initial 
stress or strength on the fault [e.g., Beroza and Mikumo, 
1996]. A particular case of the latter mechanism, first 
described by Day [1982], is the generation of stopping 
phases at the deep limit of the seismogenic zone, which 
acts as a rupture barrier.

On mature strike‐slip faults, the fault length is usually 
much larger than the fault width, as in the model setup 
described in Figure 13.1a. Our first example of dynamic 
rupture simulation with off‐fault plasticity is on a long 
fault with W = 15 km. We show resulting snapshots of slip 
rate in Figure 13.2 and slip rate and slip profiles at 7.5 km 
depth in Figures  13.3a and b, respectively. The rupture 
first grows as a self‐similar crack‐like rupture: the rupture 
front expands in all directions from the hypocenter, the 
peak slip rate increases with rupture propagation dis-
tance, and slip occurs simultaneously within the whole 
ruptured region. When the rupture front reaches the bot-
tom boundary of the seismogenic zone, a stopping front 
is generated and propagates back into the ruptured area. 
When the healing front reaches the surface, the rupture 
splits into two pulses (i.e., a pair of rupture fronts fol-
lowed closely by healing fronts) that propagate in sepa-
rate directions along the fault strike. The pulses eventually 
reach a steady state, characterized by stable slip, rupture 
speed, and peak slip velocity. Notably, the steady pulse 
width (i.e., the along‐strike length of the region of active 
slip at a given time) is comparable to the seismogenic 
width W (Figure 13.3a).

13.3.2. Plastic Strain Distribution

Figure 13.4 shows horizontal and vertical plastic strain 
distributions of our model with W = 15 km. Similar to 
Johri et al. [2014a], we observe that plastic strain decays 

as a function of distance from the fault core as a power‐
law at short distance, and drops more abruptly, exponen-
tially at larger distance (Figure 13.5). In this simulation 
and in those presented in the next section, the change of 
plastic strain decay behavior occurs near ɛp = 10−3.3. 
Hence, to facilitate the comparison between all our simu-
lations, we define the thickness of the damage zone, H, as 
the distance at which ɛp = 10−3.3. In the presence of dila-
tancy (volumetric and deviatoric plastic strains are pro-
portional) and assuming the average fracture aperture is 
spatially uniform, fracture density is proportional to ɛp 
[Johri et al., 2014a]. This relation connects rupture mod-
els with plasticity to field studies, in which the definition 
of damage zone thickness is based on fracture density. 
Field data on fracture density vs. distance has been inter-
preted either as power laws [e.g., Savage and Brodsky, 
2011] or as exponential [Mitchell and Faulkner, 2009], but 
to our knowledge a transition between these two decay 
behaviors has not been reported. The field data shown in 
Figure 7a of Savage and Brodsky [2011] is a rare example 
reminiscent of such transition. Nevertheless, based on 
the theoretical arguments developed in section 13.4, we 
expect the scaling properties discussed in this work to 
hold also for other definitions of H.

In Figure 13.4a, along the fault, the thickness of the 
damage zone first grows with increasing rupture distance, 
as found in 2D models [e.g., Gabriel et al., 2013; Xu et al., 
2012b]. However, H saturates at distances over ~ 50 km, 
where the rupture becomes a stable pulse. This saturation 
was also noted in 3D simulations by Shi and Day [2013]. 
In the deep region, damage is limited to the extensional 
quadrants. In Figure 13.4b, the vertical plastic strain pat-
tern shows a “flower‐like” structure with a narrow dam-
age zone of nearly constant thickness in the deeper region 
and a wide damage zone of increasing thickness near the 
surface. Similar flower‐like patterns of plastic strain were 
observed in previous 3D simulations [Ma and Andrews, 
2010]. In the shallower region, the inelastic strain is 
induced by seismic waves ahead of the rupture front and 
is distributed in both extensional and compressional 
regions. The constant H in the deeper region in our model 
is explained in section 13.5 as a result of a linear depth‐
distribution of both initial stress and strength.

13.3.3. Damage Zone Thickness Comparison 
for Different Seismogenic Depths

We now examine the effect of the seismogenic depth W 
on the damage zone thickness H at mid‐seismogenic depth. 
We conduct four additional simulations in which all set-
tings are the same as in the previous one except the seismo-
genic depth, which is taken as W = 9, 12, 18, and 21 km, 
respectively. The width of the stress tapering zone near the 
fault bottom and the width of the zone of increased fault 
cohesion near the surface are set proportional to W.
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In Figure  13.6 we compare the plastic strain distribu-
tions resulting from the three simulations with W ≤15 km. 
The plastic strain patterns are similar for the three  models. 
In particular, they all eventually reach a steady damage 
zone geometry at sufficient distance from the hypocenter. 
However, the off‐fault extent of their plastic zones is differ-
ent; it increases as a function of W. Figure 13.5 compares 
fault‐normal profiles of plastic strain at 5 km depth and at 
a horizontal distance of 70 km from the hypocenter, a dis-
tance at which the damage zone has already reached a 
steady thickness, Hmax, in all five simulations. In this figure, 
distance is normalized by W and the inset shows how our 
measure of damage zone thickness H (the distance from 
the fault at which plastic strain is ɛp = 10−3.3) depends on W. 
The steady damage zone thicknesses in our five models 
vary from ~100 to ~500 meters, a range of values that 
agrees well with the largest values obtained from field 
observations [Savage and Brodsky, 2011]. The approximate 
collapse in Figure  13.5 of the normalized plastic strain 
profiles corresponding to the four models with W 12 km 
indicates that Hmax is approximately proportional to W if  

W is large enough. The dark gray line in the inset of 
Figure 13.5 is a hypothesized asymptotic linear H Wmax  
scaling. The model with the smallest W (9 km) has an Hmax 
significantly overpredicted by the linear H Wmax  scaling 
(Figure 13.5 inset). These key results of our simulations are 
put on a theoretical basis in the next section.

13.4. THEORETICAL ESTIMATE OF  
DAMAGE ZONE THICKNESS

On the basis of fracture mechanics arguments, Ben‐Zion 
and Ampuero [2009] and Xu et al. [2012b] developed theo-
retical relations between the thickness of dynamically gen-
erated damage zones, initial stresses, material strength, and 
rupture speed. Xu et al. [2012b] found that this approach 
predicts well the yielding zone thickness obtained in 2D 
dynamic crack‐like rupture simulations with off‐fault plas-
ticity. A fracture mechanics analysis of damage zones 
formed by quasi‐static fault growth was developed by 
Scholz et  al. [1993]. These models predict a self‐similar 
scaling in which H is proportional to fault or rupture 
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length L, without saturation. Here, we apply the dynamic 
fracture mechanics approach to pulse‐like ruptures in 3D, 
which allows us to assess the effect of seismogenic width.

An estimate of the thickness of the damage zone gener-
ated by a dynamic rupture is the distance at which the 
stress concentration near the rupture tip exceeds the yield 
strength of the material (e.g., equation 14a of Ben‐Zion 
and Ampuero [2009]):

 
H

K

s 0

2

, (13.11)

where K is the dynamic stress intensity factor. The yield 
strength τs involved in this equation pertains to the off‐
fault material and can be higher than the yield strength of 
the fault. This estimate assumes that the on‐fault slip‐
weakening zone near the rupture front is much smaller 
than the rupture dimensions, which is the case in our 
simulations, and significantly smaller than H, which is 
better satisfied at large W as discussed at the end of this 
section. The squared stress intensity factor K2 scales with 
a characteristic length of the rupture. For small earth-
quakes, represented as circular ruptures, the characteris-
tic length is the rupture radius, and equation (13.11) 
predicts self‐similar scaling between H and rupture length 
L. For larger earthquakes with elongated rupture area 
L W , the characteristic length that controls K is the 
shortest one [e.g., Eshelby, 1957]; hence, H scales with 
rupture width W. For pulse‐like ruptures, the characteris-
tic length is the along‐strike width of the pulse. As illus-
trated in section  13.3.1, large earthquake ruptures that 
saturate the seismogenic depth are inevitably pulse‐like, 
and their pulse width scales with seismogenic depth W. 
This break in self‐similarity leads to a linear relation 
between H and W, as found in our simulations with large 
W (inset of Figure 13.5).

In more detail, following Xu et al. [2012b] but consider-
ing pulse‐like ruptures and ignoring some factors of 
order one,

 
H k v Wr

d

s d

0

2

, (13.12)

where k is a decreasing dimensionless function of  rup-
ture speed vr. In particular, k and K are larger at the 
 stopping ends of  a rupture, especially if  arrest occurs in 
a fault region with large fracture energy rather than low 
initial stress. Moreover, pulse width can be smaller than 
in our simulations if  the pulse‐like behavior is controlled 
by self‐healing due to dynamic weakening mechanisms 
[Heaton, 1990] instead of  a geometric effect of  the finite 

seismogenic depth. Hence, an upper bound on coseismic 
damage zone thickness is

 
H Wmax

d

s d

0

2

. (13.13)

This linear Hmax − W relation is consistent with our simu-
lation results at large W (Figure  13.5 inset, dashed gray 
line). Equations (13.12) and (13.13) should be understood 
as containing a multiplicative factor of order 1 that accom-
modates different definitions of H and encapsulates geo-
metric effects ignored in our derivation. For instance, free 
surface effects can contribute a factor 2, resulting from the 
effective doubling of W by a mirror‐image rupture.

The departure from a linear Hmax − W scaling at low W 
in our simulations (Figure 13.5 inset) is attributed here to 
a blunting effect of the on‐fault slip‐weakening zone. The 
derivation of Equation (13.13) assumes that Hmax is sig-
nificantly larger than the slip‐weakening zone size ℓc. 
Using equation 24 of Gabriel et al. [2013], we find that 
the ratio Hmax/ℓc is proportional to a function of rupture 
speed and, more importantly, to the nondimensional 
number κ introduced by Madariaga and Olsen [2000] to 
represent the ratio between available elastic energy and 
fracture energy:

 W G Dd s d c0 0

2

0/ , (13.14)

where G is shear modulus. Because the initial stresses τ0 
and σ0 increase linearly with depth in our models, κ is pro-
portional to W2, and decreasing W rapidly decreases κ. 
We thus consider that the model with W = 9 km has 
approached an unusual regime associated with low values 
of Hmax/ℓc, in which the smoothening effect of the slip‐
weakening zone reduces significantly the off‐fault stresses 
and hence the damage zone thickness. This is simply an 
artifact of the large value of critical slip‐weakening dis-
tance (Dc) and low value of initial stress ratio τ0/σ0, 
adopted here to limit the computational cost of the simu-
lations. We expect that simulations with smaller κ should 
give a nearly linear H Wmax  relation down to smaller 
values of W. Moreover, regardless of the value of κ, equa-
tion (13.13) provides a useful upper bound on Hmax.

13.5. DISCUSSION AND CONCLUSIONS

Our 3D dynamic rupture simulations and fracture 
mechanics arguments indicate that damage zone thick-
ness is ultimately bounded in long faults by the limiting 
effect of seismogenic depth on the efficiency of stress 
concentration near a rupture front. In particular,  equation 
(13.13) provides a quantitative prediction of the relation 
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between limiting damage zone thickness, state of stress, 
dynamic fault strength, off‐fault yield strength, and 
 seismogenic depth, which we can compare to field 
observations.

Average stress drops ( 0 d) of large earthquakes are 
typically on the order of a few MPa, an order of magni-
tude smaller than estimates of strength drop 
( s d s d0 ( )) based on typical values of effective 
confining stress σ0 at seismogenic depth and of static and 
dynamic friction coefficients. Hence, the predicted Hmax is 
about two orders of magnitude smaller than W, that is, a 
few 100 m. This order‐of‐magnitude estimate is consist-
ent with field observations of damage zone thickness on 
large‐displacement faults [Savage and Brodsky, 2011; 
Mitchell and Faulkner, 2009, 2012].

The saturation of H as a function of fault displacement 
(long‐term cumulative slip) in the data compiled by 
Savage and Brodsky [2011] occurs at displacements of a 
few km or less. Considering that displacement to fault 
length ratios typically range from 0.1 to 0.01 on faults 
with displacement shorter than a few km [Kim and 
Sanderson, 2005], the saturation of H starts at fault 
lengths ranging from a few 10 km to a few 100 km. This 
range encompasses the typical values of seismogenic 
depth, which is consistent with our model. In particular, 
in the data of strike‐slip faults compiled by Kim and 
Sanderson [2005], a displacement of a few km corre-
sponds to a length of a few 10 km, which quantitatively 
supports our interpretation of the role of seismogenic 
depth in limiting damage zone thickness.

The constant thickness of deep damage zones found in 
our simulations can be rationalized from a theoretical 
basis. Our model assumed linearly increasing initial 
shear  stress and material strength, such that the ratio 
( ) ( )0 d s d/  is independent of depth. Equation 
(13.13) predicts a constant H in this situation. This esti-
mate is not appropriate near the surface, where dynamic 
free surface effects and cohesion play important roles. 
Damage zone properties at seismogenic depth are diffi-
cult to resolve by seismological techniques. Current field 
data compilations [e.g., Savage and Brodsky, 2011] include 
observations on exhumed faults that capture fault zone 
structures from a range of depths, including shallow and 
deep ones, which may contribute to the data scatter. In 
this study, we have focused on a scaling feature (satura-
tion of H) that is apparent in the field data despite its 
significant scatter.

Our theoretical argument further suggests that the 
ratio Hmax/W is a relative measure of the stress τ0 at which 
an active fault operates in the long term. In particular, 
equation (13.13) predicts that a critically stressed fault, in 
which the average shear stress is close to yield ( 0 s), 
would have a thicker damage zone than a fault operating 

at subcritical stress. According to this model, the small 
value of Hmax/W in natural faults is additional evidence 
that long mature faults operate at stresses significantly 
lower than the crustal yield strength.

The simulations presented here are intentionally based 
on simplifying assumptions regarding fault friction, fault 
geometry, state of stress, and material heterogeneities. An 
important next step in the development of earthquake 
models is to study the evolution of fault zone damage 
through multiple earthquake cycles on long faults, includ-
ing not only the accumulation of plastic strain but also 
the reduction in elastic moduli around the fault [Kaneko 
et al., 2011; Xu et al., 2014]. If  the evolution of a fault 
towards increasing maturity is accompanied by a ten-
dency to operate at lower stress [Fang and Dunham, 2013], 
our theoretical results suggest the hypothesis that further 
damage may localize on thinner zones, which could be 
tested in simulations of long‐term damage evolution. 
Such a simulation framework could also provide insight 
on how fault growth leaves systematic changes of damage 
zone properties along strike that may control the distribu-
tion of earthquake slip and rupture speed [Cappa et al., 
2014; Perrin et al., 2016b].

An additional argument allows us to conclude that 
short‐term damage processes are essential in the evolu-
tion of  fault zone structure. While the present work 
emphasizes damage occurring over coseismic time 
scales, a similar saturation of  damage zone thickness is 
predicted for slower, quasi‐static damage processes 
because the static stress intensity factor K is also limited 
by the depth extent of  fault slip (seismic or aseismic). 
However, if  damage were dominated by time scales 
longer than deep afterslip and longer than the relaxa-
tion time of  the asthenosphere, the relevant model 
would be a throughgoing crack in a thin elastic slab 
(the  lithosphere, decoupled from the asthenosphere). 
The long‐term K would no longer be limited by W, as 
shown by Lehner et  al. [1981], and the damage zone 
thickness would not saturate.

These different predictions of  scaling behavior also 
help us identify aspects of  fault zone evolution that may 
be controlled by long‐term damage processes. At a 
larger scale than the damage zones considered here, 
faults develop an “outer damage zone” [Perrin et  al., 
2016b] that encompasses a network of  secondary faults. 
The younger fault branches often organize near the tips 
of  the main fault into splay fault fans, whose width 
scales with fault length without saturation [Perrin et al., 
2016a]. This observation is consistent with a model in 
which the evolution of  outer damage zones is controlled 
by fault growth and branching processes operating over 
time scales longer than the viscous relaxation time of 
the asthenosphere.
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