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Abstract

We discuss 2D simulations of in-plane ruptures on a fault between different solids in a model that includes dynamic

generation of plastic strain off the fault. The fault is governed by a regularized friction with a gradual response to abrupt changes

of normal stress, while plastic strain in the bulk is governed by a Coulomb yielding criterion. The occurrence of off-fault

damage stabilizes the slip velocity on the fault. Stable self-sustaining ruptures propagate on the material interface as narrow

unidirectional pulses in the direction of slip on the more compliant side of the fault. Plastic strain is generated only on the stiffer

side of the fault (the tensional quadrant in the direction of rupture propagation) in a strip of approximately constant width that is

correlated with the slip velocity on the fault. Simulations for various values of confining normal stress, material contrast and

cohesion in the bulk suggest that significant generation of off-fault damage is limited to conditions that correspond to the top

few kilometers of the crust. The results are compatible with field observations of shallow asymmetric damage patterns in the

structure of several large faults.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recent geological observations along the San

Andreas, Punchbowl and San Jacinto faults in south-

ern California show clear asymmetry in the damage

pattern of fault zone rocks, with one side having
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considerably more damage than the other (Dor et al.

[1,2]). Systematic inversion of fault zone trapped

waves along the San Jacinto fault zone near Anza

(Lewis et al. [3]) indicates the existence of a 100 m

wide damaged fault zone rock in the top 3–5 km of

the crust, with a similar sense of asymmetry as in the

above geological studies. If earthquakes on a given

fault section propagate primarily as bilateral ruptures,

or as unilateral ruptures without a preferred propaga-

tion direction, the cumulative damage generated by

many events will be approximately symmetric across
etters 236 (2005) 486–496
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the fault. Thus the observed asymmetry of fault zone

damage implies that ruptures along these fault sec-

tions propagate preferentially in one direction. This

can have important implications for fault interaction,

seismic shaking hazard, and various other issues of

earthquake and fault mechanics.

A preferred propagation direction is a predicted

outcome of rupture along an interface that separates

different elastic media [4–12]. Such ruptures produce

dynamic dilation at the tip that propagates in the

direction of slip on the more compliant side of the

fault (referred to below as the bpositive directionQ) and
dynamic compression at the tip propagating in the

opposite direction (referred to as the bnegative
directionQ). The magnitudes of these effects increase

with propagation distance along the material interface,

leading to a complete dynamic reduction of normal

stress rn in the positive direction and corresponding

increase of rn in the negative direction (or more if the

rupture continues to propagate in that direction). The

above bbimaterial effectQ will in general compete with

other effects such as stress/strength heterogeneities

and dynamic reduction of the friction coefficient.

The latter effect may be estimated as ( fs� fd)rn,

where fs and fd are the static and dynamic coefficients

of friction, while the bimaterial effect may be estimat-

ed as fsrn. Laboratory data on rock friction indicate

[13,14] that fd is a large fraction of fs. Consequently,

rupture along a material interface is expected to evolve

with sufficient propagation distance, after weaker

transients decay, to a unidirectional bwrinkle-likeQ
pulse that propagates in the direction of slip on the

compliant side of the fault. Such evolution is dem-

onstrated in a follow up work [15] for a range of

realistic friction and material contrast conditions.

Wrinkle-like rupture pulses along a material inter-

face produce strongly asymmetric fault-normal mo-

tion across the fault, and they have a divergent

behavior (e.g., Adams [5]; Andrews and Ben-Zion

[6]; Ben-Zion [9]) manifested by decreasing width

and increasing slip velocity with increasing propaga-

tion distance in the positive direction. Cochard and

Rice [8] and Ranjith and Rice [10] suggested that a

regularized Prakash–Clifton friction law [16,17], with

a gradual response to abrupt changes of normal stress,

can suppress the divergent behavior. However, subse-

quent calculations for large propagation distance

(Ben-Zion and Huang [11]) and analytical work
(Adda-Bedia and Ben Amar [12]) showed that the

divergent behavior persists even with the regularized

friction.

Analytical and numerical parameter–space studies

[4–12,15] indicate that such unidirectional wrinkle-

like pulses propagate in a self-sustaining manner,

with a speed slightly lower than the slower S veloc-

ity, for a broad range of conditions. Ranjith and Rice

[10] and Cochard and Rice [8] found that slip pulses

with a velocity near that of the slower P wave can

also propagate along a material interface in the neg-

ative direction. However, these pulses are consider-

ably weaker than the primary wrinkle-like pulses in

the positive direction and are unlikely to evolve to

self-sustaining ruptures. Anooshehpoor and Brune

[18] preformed laboratory experiments with two dif-

ferent foam rubber blocks that allow large propaga-

tion distance along the fault and observed

unidirectional wrinkle-like pulses in the positive di-

rection with properties that are compatible with the

theoretical expectations.

Andrews [19] performed 2D calculations of in-

plane dynamic rupture on a frictional fault in a ho-

mogenous solid with spontaneous generation of plas-

tic strain off the fault (referred to below as bdamageQ).
Dalguer et al. [20] performed 3D calculations of

dynamic shear rupture on a frictional fault in a ho-

mogenous solid with spontaneous generation of ten-

sile cracks off the fault. The creation of damage in the

bulk absorbs energy and can provide a natural mech-

anism for stabilizing the divergent behavior of wrin-

kle-like ruptures on a material interface. In the

homogeneous models of [19] and [20], ruptures prop-

agate as symmetric bilateral cracks and damage is

produced in self-similar triangular zones, with width

proportional to rupture length, in the two tensional

quadrants. Since ruptures along a material interface

propagate predominantly as unidirectional pulses,

they are expected to produce a different pattern of

damage in the bulk.

In the present paper we study the response of a 2D

model with spontaneous generation of off-fault dam-

age to in-plane ruptures along a material interface.

The results show dramatic differences from the sym-

metric self-similar patterns generated by ruptures in a

homogenous solid. Self-sustaining ruptures along a

material interface propagate predominantly, as in pre-

vious works, in the form of unidirectional pulses in
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the positive direction. The plastic strain in the bulk is

generated only on the stiffer side of the fault in a zone

of approximately constant width that is correlated

with the slip velocity. The creation of off-fault damage

stabilizes the divergent behavior of the wrinkle-like

pulses. Calculations for various cases of material con-

trast, initial normal stress and cohesion in the bulk

indicate that significant generation of damage is un-

likely to occur below about 5 km. The results provide

a physical explanation for the observed asymmetric

damage patterns in the structure of large strike-slip

faults [1–3].
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Fig. 1. (a) A model for 2D dynamic in-plane rupture on a material

interface with spontaneous generation of plastic strain in the bulk.

(b) A Mohr diagram illustrating the employed Coulomb yielding

criterion for plastic strain in the bulk. The internal coefficient of

friction is tan(/) and c is the cohesion.
2. Analysis

2.1. Model

Fig. 1a shows a model for 2D in-plane dynamic

rupture along an interface that may separate different

solids. The remote boundaries are subjected to normal

and shear stress components �rl (positive in ten-

sion) and sl. Ruptures are initiated artificially by a

symmetric expanding slip in a limited nucleation zone

centered at the origin, using a procedure that gener-

alizes the btraveling stress dropQ nucleation of

Andrews and Ben-Zion ([6], p. 563) to the symmet-

rically expanding case. Continuing propagation of

rupture on the fault outside the imposed slip region

is governed by friction. The media off the fault may

fail during the rupture process plastically if a Cou-

lomb yielding criterion is reached. The calculations

are done with a generalized version of the 2D finite-

difference code of Andrews [21] that can incorporate

material interfaces [6], different friction laws [11], and

the generation of plastic strain in the bulk [19]. In one

reference case duplicating results of Andrews [19], the

media on the opposite sides of the fault are identical

and the fault is governed by a time-weakening fric-

tion. In the other cases, the media across the fault are

different and the fault is governed by the regularized

Prakash–Clifton [16,17,8,10,11] friction,

dss
dt

¼ � jV j þ VT
L

ss � f rnð Þ; ð1Þ

where sS is the frictional strength, V is the slip veloc-

ity, f is the friction coefficient, V* is a characteristic
slip velocity for friction evolution and L is a

corresponding characteristic slip distance.

The initial stress components are ryy(t =0)=�rl,

rxy(t =0)=sl and we assume that rxx(t =0)=ryy

(t =0). The failure of the bulk material off the fault is

governed by the Coulomb plastic yielding criterion,

smax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rxx � ryy

� �
=2

� �2 þ r2
xy

q
V c cos/

� 1

2
rxx þ ryy

� �
sin/; ð2Þ

where tan(/) is the internal coefficient of friction and c

is cohesion (Fig. 1b). In places off the fault where (2) is

violated by the elastic stress field generated during

rupture, the shear stress components rxy and

(rxx�ryy) / 2 are reduced by a common factor so that
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the equality in (2) holds, while the mean compressive

stress (rxx+ryy) /2 is kept constant. The resulting

reductions of stress components yrij are converted to

corresponding plastic strain incrementsDePij ¼ drij=la,

where la is the rigidity of medium a =1, 2. To reduce

numerical artifacts in the generated strain patterns, the

stress evolves toward the yield condition over a relax-

ation time 0.6 dx /b+ with dx and b+ being the numer-

ical grid size and the larger present shear wave velocity.

Additional details on the assumed friction laws, off-

fault rheology and computational procedures can be

found in Andrews [19,22] and Ben-Zion and Huang

[11].

2.2. Reference cases

To verify the numerical code for the generalized

model examined below, and provide a basis for com-

parison with the new calculations, we first reproduce

cases examined by [19] and [11]. Fig. 2 duplicates the

damage pattern of Andrews ([19], Figure 4) generated

by dynamic rupture on a fault governed by a time-

weakening friction in a homogenous solid. In this and

other cases of [19], the rupture propagates as a sym-
Fig. 2. Plastic strain (color scale) generated by a crack-like rupture on a fa

wave velocities a =5196 m/s and b =3000 m/s. The initial stress state is rxx

weakening friction with static coefficient 0.5, kinetic coefficient 0 and c

cohesion in the bulk are 0.75 and 0, respectively, and the employed grid
metric bilateral crack, and damage is produced in the

two tensional quadrants in self-similar triangular

zones with width proportional to rupture length. The

results are a direct consequence of the simulated

bilateral ruptures in a homogeneous solid, and the

growth of stress concentration in the crack-like rup-

tures with the rupture size. The cumulative effect of

many such ruptures with different hypocenter loca-

tions will produce a symmetric damage pattern across

the fault, in contrast to the observations of Dor et al.

[1,2] and Lewis et al. [3].

Fig. 3 duplicates the maximum slip velocity of

Ben-Zion and Huang ([11], Figure 9) along a mate-

rial interface governed by the regularized friction for

20% material contrast and other parameters given in

the caption. The high slip velocity near the origin is

a transient feature associated with the imposed nu-

cleation process rather than a genuine dynamic fea-

ture. In this and other cases simulated by [11], [6]

and [7], self-sustaining ruptures propagate as narrow

unidirectional pulses in the positive direction with

slip velocity that diverges with increasing propaga-

tion distance along the material interface. A weak

pulse is generated also in the negative direction, but
ult at y =0 in a homogeneous solid with density q =2700 kg/m3 and

=ryy=�50 MPa and rxy=10 MPa. The fault is governed by a time-

haracteristic time 0.0035 s. The internal coefficient of friction and

size is 2 m. The calculations duplicate results of Andrews [19].
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Fig. 3. Maximum slip velocity of a wrinkle-like pulse along an

interface separating solids with 20% material contrast (q1=3333.3

kg/m3, a1=5196 m/s, b1=3000 m/s and q1/q2=a1/a2=b1/b2=1.2).

The material interface is governed by the regularized Prakash–

Clifton friction with a coefficient f =0.75 and critical slip distance

and velocity L=8.5 mm and V*=1 m/s. The initial stress state is

rxx=ryy=�100 MPa, rxy=70 MPa and the grid size is 0.25 m.

The calculations duplicates results of Ben-Zion and Huang [11].
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it dies out soon and hence is not shown. The diver-

gence of the pulse in the positive direction is pro-

duced by a transfer of energy to shorter wavelengths

during rupture propagation along a material interface,

which occurs for the purely elastic case without limit

[5,9–12].

2.3. Rupture along a material interface with genera-

tion of damage in the bulk

Fig. 4a shows the evolution of slip velocity

along a material interface for a case with the

same friction and media properties as in the calcu-

lations leading to Fig. 3, but with spontaneous

generation of plastic strain in places off the fault

(Fig. 4b) where the Coulomb yielding threshold (2)

is exceeded. The initial zone with high damage

(marked by a box) is a transient feature associated

with the imposed nucleation process rather than a

result of spontaneous rupture. The continuing gen-

eration of damage by the evolving spontaneous

rupture prevents the unbounded growth of the

slip velocity that occurs in the purely elastic case

(Fig. 3). The simulated damage pattern is strikingly

different from the symmetric self-similar pattern
generated in a homogeneous solid (Fig. 2). Since

rupture along the material interface evolves to a

unidirectional wrinkle-like pulse, self-sustaining

generation of damage occurs only on one (the

stiff) side of the fault that is in the tensional

quadrant. The feedback between the generated

plastic strain and slip velocity on the fault pro-

duces a pulse of approximately constant size. The

resulting width of the damage zone is approximate-

ly constant beyond the initial transient area, with

oscillations correlated with corresponding oscilla-

tions in the slip velocity on the fault. The cumu-

lative effect of many such ruptures will produce an

asymmetric damage pattern across the fault com-

patible with the observations of Dor et al. [1,2]

and Lewis et al. [3].

Andrews [19] noted that in a homogeneous solid,

the width of the generated damage zone is expected

to be proportional to the square of the ratio of the

stress drop divided by the confining stress. To gen-

erate a damage zone with significant width by dy-

namic rupture with a constant stress drop in a

homogeneous solid, Andrews [19] used confining

stress (rnc50 MPa) that corresponds to the top 3

km of the crust. Increasing dynamic stress drop with

depth may increase the depth extent of the generated

damage zone. This may be especially important for a

fault that separates different solids, since the wrinkle-

like pulse evolves (with sufficient propagation dis-

tance) to a state associated with a complete dynamic

reduction of rn. We note, however, that the degree of

velocity contrast across faults decreases with depth

[25–27], leading possibly to an opposite effect asso-

ciated with decreasing dynamic stress drop with

depth. One might assume that reduced confining

pressure in fault zones with elevated fluid pressure

may increase the depth of dynamic damage genera-

tion. However, the initially elevated fluid pressure

will reduce the stress drop, and the dynamic reduc-

tion of fluid pressure during the rupture will increase

the confining pressure and suppress the damage

generation.

To examine the competition between the above

effects, we show in Fig. 5a to c, damage patterns

generated by ruptures on a material interface under

representative conditions for depth values of 3, 5 and

7 km. The simulations incorporate a mild increase of

cohesion in the bulk with depth in agreement with lab
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Fig. 4. (a) Maximum slip velocity of a wrinkle-like pulse with the same model parameters leading to Fig. 3 and spontaneous generation of

plastic strain in the bulk governed by internal coefficient of friction of 0.85 and cohesion of 50 MPa. (b) Plastic strain generated by the wrinkle-

like pulse shown in (a). The box marks the transient damage generated by the imposed nucleation zone.
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data [13,14]. In the case corresponding to 3 km (Fig.

5a), self-sustaining rupture pulse propagates along the

fault with spontaneous generation of damage for a

distance many times the size of the imposed source.

In contrast, for the case corresponding to 5 km (Fig.

5b) spontaneous damage is produced only over a
distance several times the size of the imposed source,

and in the case corresponding to 7 km (Fig. 5c) the

damage dies out quickly outside the imposed source

region. If we increase the strength of the source or the

initial stress on the fault, the ruptures will propagate

larger distances in the positive direction (with small
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amount of damage generation outside the imposed

source region for the final set of conditions). The

results suggest that significant dynamic generation
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trapping structures along the San Jacinto and other

fault and rupture zones [23,24,3].
3. Discussion

We perform numerical simulations of dynamic

rupture on a fault separating different solids and as-
sociated plastic strain in the bulk for various cases of

material contrasts, rheological parameters and initial

stress values. The study attempts to clarify the condi-

tions (corresponding to a given depth range) that are

likely to produce dynamically off-fault damage, and

the properties of the associated dynamic ruptures

(bilateral crack-like vs. unidirectional pulse-like) and

generated damage patterns (symmetric self-similar vs.
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asymmetric with approximately constant width). Shi

and Ben-Zion [15] discuss additional calculations of

related issues. In agreement with previous works, we

find here and in [15] that self-sustaining rupture along

a material interface propagates predominantly, for a

range of realistic conditions, as a narrow unidirection-

al pulse. The creation of a plastic strain off the fault

balances the continuing growth of slip velocity on the
fault that exists in the calculations for purely elastic

materials [5–12].

In a homogenous solid, ruptures propagate as

symmetric bilateral cracks and self-similar damage

patterns are produced on both sides of the fault

[19,20]. When the fault is a material interface, the

zone of plastic strain is generated only on the stiffer

side of the fault, which is in the tensional quadrant of
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the radiated field, and it has an approximately con-

stant width that is correlated with the slip velocity on

the fault. The cumulative effect of many such rup-

tures is expected to produce an asymmetric damage

pattern across the fault compatible with detailed geo-

logical and geophysical observations [1–3]. Calcula-

tions for conditions corresponding to different depth

values indicate that significant generation of damage

is generally limited to the top few kilometers of the

crust. This is compatible with seismological imaging

studies of low velocity fault zone layers that act as

trapping structures for seismic waves [3,23,24]. The

results provide important input for inferring from

field observations of fault zone damage a possible

preferred propagation direction of ruptures along the

fault and the likely depth generation of the damaged

rocks.
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