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Abstract—The spontaneous generation of brittle rock damage

near and behind the tip of a propagating rupture can produce

dynamic feedback mechanisms that modify significantly the rup-

ture properties, seismic radiation, and generated fault zone

structure. In this work, we study such feedback mechanisms for

single rupture events and their consequences for earthquake physics

and various possible observations. This is done through numerical

simulations of in-plane dynamic ruptures on a frictional fault with

bulk behavior governed by a brittle damage rheology that incor-

porates reduction of elastic moduli in off-fault yielding regions.

The model simulations produce several features that modify key

properties of the ruptures, local wave propagation, and fault zone

damage. These include (1) dynamic generation of near-fault

regions with lower elastic properties, (2) dynamic changes of

normal stress on the fault, (3) rupture transition from crack-like to a

detached pulse, (4) emergence of a rupture mode consisting of a

train of pulses, (5) quasi-periodic modulation of slip rate on the

fault, and (6) asymmetric near-fault ground motion with higher

amplitude and longer duration on the side with reduced elastic

moduli. The results can have significant implications to multiple

topics ranging from rupture directivity and local amplification of

seismic motion to near-fault tremor-like signals.

Key words: Mechanics of faulting, dynamic rupture, fault

zone rheology, friction, fracture, brittle damage.

1. Introduction

The high stress concentration at the front of

dynamic earthquake ruptures is expected to produce

brittle rock damage (reduction of elastic moduli) in

the material surrounding the fault. The damage gen-

eration and associated energy absorption can reduce

the amplitude of ground motion (e.g., ANDREWS et al.,

2007). However, the brittle damage process can

contribute to the radiated wavefield (BEN-ZION and

AMPUERO, 2009) and the generated damage zone with

reduced elastic moduli may behave as a waveguide

that can amplify near-fault motion (e.g., BEN-ZION

and AKI, 1990; SPUDICH and OLSEN, 2001; AVALLONE

et al., 2014). Waves reflected from the boundaries of

the generated damage zone may influence the sub-

sequent rupture properties as previously shown in

simulations with a pre-existing, low velocity fault

zone (e.g., BEN-ZION and HUANG, 2002; HUANG and

AMPUERO, 2011). Moreover, if the damage zone is

asymmetrically distributed around the fault, the

spontaneously generated bimaterial interface can lead

to coupling between slip and dynamic change of

normal stress that can change significantly the mode

(pulse vs. crack) and other properties of ruptures

(e.g., WEERTMAN, 1980; ANDREWS and BEN-ZION,

1997; AMPUERO and BEN-ZION, 2008).

There has been considerable research in recent

years on simulations of dynamic ruptures that incor-

porate off-fault plastic yielding (e.g., ANDREWS, 2005;

BEN-ZION and SHI, 2005; DUAN and Day, 2008; TEM-

PLETON and RICE, 2008; MA and ANDREWS, 2010;

DUNHAM et al., 2011; KANEKO and FIALKO, 2011; XU

and BEN-ZION, 2013; GABRIEL et al., 2013). These

studies provided insights on various connections

between deformation processes on and off the main

faults. However, earthquake models with off-fault

plasticity keep the elastic moduli in the yielding

region unchanged, so they do not account for poten-

tially important feedback mechanisms between
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generation of brittle rock damage and properties of

dynamic ruptures and ground motion. Laboratory

experiments (e.g., GUPTA, 1973; LOCKNER and BYER-

LEE, 1980; STANCHITS et al., 2006) and seismological

observations (e.g., PENG and BEN-ZION, 2006;

WU et al., 2009; FROMENT et al., 2013) show that

brittle failures are accompanied by significant tem-

poral changes of elastic moduli. To study the

consequences of dynamic reduction of elastic moduli

near propagating ruptures, we incorporate in this

work brittle off-fault damage in simulations of

dynamic in-plane ruptures. Healing effects and

damage evolution over multiple earthquake cycles

(e.g., BEN-ZION et al., 1999; LYAKHOVSKY and BEN-

ZION, 2009; FINZI et al., 2009) are not considered in

this work.

The simulations employ a continuum visco-

elastic damage model with co-evolution of inelastic

strain and elastic moduli in off-fault regions where

the stress reaches the elastic limit (e.g., LYAKHOV-

SKY et al., 1997a, 2011; LYAKHOVSKY and BEN-ZION,

2008). The results illustrate the richness of new

dynamical features that can arise from the interac-

tion between ruptures on pre-existing frictional

faults and dynamically evolving elastic moduli in

the yielding damage zones. The spontaneous dam-

age generation leads to local motion amplification

and asymmetric near-fault ground motion behind

the rupture front. We also find, under some con-

ditions, transitions of the rupture mode to different

types of pulses and oscillatory slip rate that may

produce tremor-like signals near the fault.

2. Model Description

We consider 2-D in-plane ruptures and off-fault

brittle damage allowing dynamic changes of elastic

moduli under plane strain conditions. The relevant

stress components operating on the fault and the

surrounding medium are listed in Fig. 1. A right-

lateral rupture is nucleated with a prescribed speed

over a small patch (red portion in Fig. 1) until it

can propagate spontaneously along the frictional

fault (solid black line in the center). The first

motion of P-waves radiated from the hypocenter

defines four quadrants, with ‘‘C’’ and ‘‘T’’ denoting

compressional and extensional quadrants, respec-

tively. The initial normal and shear stresses on the

fault are r0 ¼ r0
yy and s0 ¼ r0

xy, respectively, and W
represents the angle between the maximum back-

ground compressive stress rmax and the fault. A

relative strength parameter S ¼ ðss � s0Þ=ðs0 � sdÞ
is used to quantify the relation between initial shear

stress, static strength ss ¼ fsð�r0Þ and dynamic

strength sd ¼ fdð�r0Þ, with fs and fd being the

static and dynamic friction coefficient, respectively.

It is known that increasing the initial shear stress

level towards the static strength can induce a

transition to supershear ruptures (BURRIDGE, 1973;

ANDREWS, 1976; DAS and AKI, 1977; DAY, 1982). In

this study, we choose the value of S and rupture

propagation distance range to produce subshear

ruptures relative to the shear wave speed of the

intact medium. We will later discuss the relation

between rupture speed and the wave speed of the

spontaneously generated damaged material.

Figure 1
Model configuration for dynamic ruptures along a frictional

interface (black line at the center) with possible generation of

brittle damage in the surrounding bulk. The rupture is nucleated

right-laterally with a prescribed speed over a small patch (red

portion) until it can propagate spontaneously. The angle W
characterizes the relative orientation of the background maximum

compressive stress to the fault. Symbols ‘‘C’’ and ‘‘T’’ denote the

compressional and extensional quadrants, respectively, in relation

to the first motion of P-waves radiated from the nucleation zone.

Because of the 180� rotational symmetry with respect to the

hypocenter, only the right half will be shown in later plots; all the

simulated features (e.g. signs of stress changes, rupture properties)

to the right also hold for the left direction

1244 S. Xu et al. Pure Appl. Geophys.



2.1. Nucleation Procedure, Friction Law,

and Normal Stress Regularization

We follow the procedure of XU et al. (2012a) with

a time-weakening friction (TWF) to trigger artifi-

cially the rupture within the nucleation zone. The

rupture front during the nucleation stage is enforced

to propagate outward with a constant subshear speed.

The frictional strength at locations reached by the

prescribed rupture front linearly weakens with time

up to the dynamic level sd. An associated length scale

RTWF can be defined over which the fault strength

spatially reduces from ss to sd, and is well resolved

by the employed numerical cells. The actual time

duration of the prescribed nucleation process is

limited by the onset of spontaneous rupture propaga-

tion under a friction law that is described below.

We adopt a linear slip-weakening friction (SWF)

to describe physically the breakdown process along

the fault outside the nucleation zone. Specifically, the

frictional strength s and the normal stress r are

related by s ¼ f ð�rÞ where the friction coefficient f

has the following dependence (e.g., IDA, 1972;

PALMER and RICE, 1973; ANDREWS, 1976) on slip Du:

f ¼ fs � ðfs � fdÞDu=Dc if Du�Dc

fd if Du [ Dc

�
; ð1Þ

where Dc is a characteristic slip distance over which

the friction coefficient reduces from fs to fd. We

define the static and dynamic fault strength as ss and

sd, respectively. When the background shear stress is

only slightly higher than sd , the size of the spatial

region associated with the strength reduction, referred

to as the process zone, can be estimated (e.g., RICE,

1980) by

R ¼ R0

fIIðvrÞ
; ð2aÞ

where fIIðvrÞ is a monotonic function of rupture speed

vr that increases from unity at vr ¼ 0 to infinity at the

limiting Rayleigh wave speed, and R0 is the static

value of R at zero rupture speed assuming the normal

stress is equal to its initial value. For Poissonian

solids, this is given by

R0 ¼
3p
8

lDc

ðss � sdÞ
; ð2bÞ

where l is the shear modulus. To provide proper

numerical resolution for the simulations with evolv-

ing elastic rock properties, we discretize R0 (by using

the l value of intact rocks) with multiple numerical

cells. We numerically measure the dynamic value of

R during rupture propagation (from snapshots of

along-fault quantities) to ensure that the process zone

is always well resolved.

A related consideration for this study is the fault

frictional response under abrupt changes of normal

stress, owing to the possible damage-related material

contrast across the fault. To ensure the numerical

stability in such scenarios, a Prakash-Clifton normal

stress regularization of the type proposed by RUBIN

and AMPUERO (2007) is adopted. We assume that the

frictional strength is proportional to a modified

normal stress r� whose evolution is described by:

_r� ¼ Vj j þ V�

dc

r� r�ð Þ; ð3Þ

where V� and dc are characteristic slip rate and slip

distance, respectively, and V is the slip rate. Similar

to XU et al. (2012a), we choose the values for V� and

dc so that normal stress regularization is only mod-

erately, but not overly emphasized. A discussion on

the influence of wave-induced normal stress changes

at a spontaneously generated local bimaterial inter-

face behind the rupture front is given in Appendix.

2.2. Brittle Damage Rheology for the Bulk

We follow the model formulation of LYAKHOVSKY

et al. (2011) and related works (e.g., LYAKHOVSKY

et al., 1997a, b; HAMIEL et al., 2004; BEN-ZION and

LYAKHOVSKY, 2006; LYAKHOVSKY and BEN-ZION, 2008)

to describe the material response under brittle defor-

mation. The elastic potential energy per unit mass

accounting for internal damage is expressed as:

U ee
ij; a

� �
¼ 1

q
k
2

I2
1 þ lI2 � cI1

ffiffiffiffi
I2

p� �
ð4Þ

where q is the mass density, k and l are the Lamé

parameters, I1 ¼ ee
kk and I2 ¼ ee

ije
e
ij are the first and

second strain invariants. A more general expression

may depend also the third strain invariant. However,

LYAKHOVSKY et al. (1997b) and others demonstrated
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that the dependency of the elastic potential for rocks

on the third strain invariant, I3, is very weak and can

be neglected. The parameter c is an additional mod-

ulus responsible for the coupling between volumetric

and shear strain. This modulus vanishes in a damage-

free solid. The elastic strain tensors ee
ij and a damage

scalar a are treated as state variables, with a inter-

preted as a non-dimensional measure of microcrack

density in a macroscopically representative volume

(LYAKHOVSKY et al., 1997a). In the field, a may be

estimated from comparisons of measured elastic

moduli with reference values of intact rocks of the

same type and models such as BUDIANSKY and

O’CONNELL (1976), while in our study it is scaled to

have a simple explicit connection to elastic moduli.

The elastic moduli in Eq. (4) are assumed to have the

following dependence on the damage variable a:

k ¼ k0

l ¼ l0 þ n0cra

c ¼ cra

ð5Þ

where k0 and l0 are the Lamé parameters of the intact

solid, n0 is a material parameter (with a negative value)

related to the onset of damage generation, and cr is a

scaling factor that maps damage into elastic moduli and

sets the maximum damage level at one. The parameter

n0 can be connected to the internal friction angle /:

n0 ¼
�

ffiffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðk0=l0 þ 1Þ2sin2/

q : ð6Þ

Equation (6) is the 2-D version of the relation

derived by LYAKHOVSKY et al. (1997a). From the

above expressions, a non-linear stress–strain relation

can be readily derived as

rij ¼ q
oU

oee
ij

¼ kI1 � c
ffiffiffiffi
I2

p� 	
dij þ 2l� cI1=

ffiffiffiffi
I2

p� 	
ee

ij:

ð7Þ

For deformations with non-zero I1, the above

equation may be re-written using effective moduli

depending on n ¼ I1=
ffiffiffiffi
I2

p
:

rij ¼ k� c=nð ÞI1dij þ 2l� cnð Þee
ij: ð8Þ

Depending on the level of internal damage, the

elastic potential energy U may lose its convexity

under different types of loading (see LYAKHOVSKY

et al., 1997a, 2011, for a detailed discussion on this

topic). Mathematically, the loss of convexity leads to

non-uniqueness of the solutions to quasi-static prob-

lems, while physically it signifies brittle instability

and change in the state of the material (e.g.,

LYAKHOVSKY and BEN-ZION, 2014a, b). From a

computational perspective, a loss of convexity of

the energy function can lead to severe numerical

instabilities, and thus needs to be carefully

regularized.

The energy function U is convex if all the

eigenvalues of the Hessian matrix ðo2U=oee
ijoee

klÞ are

positive (see Table 1; note that ee
13 ¼ ee

23 ¼ ee
33 ¼ 0

for the adopted plane strain conditions, and all terms

were multiplied by the density to get the pressure

units). The first and second eigenvalues can be

calculated as the roots of a quadratic equation

x2 þ bxþ c ¼ 0; ð9Þ

which is associated with the 2� 2 sub-matrix in the

upper left of Table 1:

b ¼ �ð2kþ 4l� 3cnÞ;
c ¼ ð2l� cnÞ2 þ ð2l� cnÞð2k� cnÞ þ ðkcn� c2Þð2� n2Þ:

ð10Þ
With the above expressions, the corresponding

conditions for the loss of convexity are:

K1 ¼ ð�b�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4c
p

Þ=2 ¼ 0;

K2 ¼ ð�bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4c
p

Þ=2 ¼ 0:
ð11Þ

The third eigenvalue is given by the isolated

principal minor in the lower right of Table 1, and the

corresponding condition for the loss of convexity is:

K3 ¼ 2l� cn ¼ 0: ð12Þ

Each condition in Eqs. (11) and (12) defines a

characteristic curve in the n� a phase space, which

can be used to distinguish materials in different

regimes. Figure 2 shows such a phase diagram within

the range of the current 2-D study

(�
ffiffiffi
2
p
� n�

ffiffiffi
2
p

; 0� a� 1). Equations (11) and (12)

normalized by l0 are plotted with different colors to

separate material phases with or without losing

convexity of different types, and the superposed

black curve defines the combined boundary for all the

1246 S. Xu et al. Pure Appl. Geophys.



possibilities. We note that K1 ¼ 0 is the strongest

condition in the compressive (n\0) or slightly tensile

(n[ 0) regime, while K3 ¼ 0 dominates in the

vicinity of 2-D extension (n!
ffiffiffi
2
p

). For our focus

on earthquake-related deformation, we mainly use

K1 ¼ 0 to discuss the issue of convexity.

During damage accumulation, the modulus c
increases and the shear modulus l decreases. This

leads to material evolution from linear elastic solid

(a ¼ 0) to macroscopic brittle instability at a critical

damage level (acr) leading to loss of convexity.

LYAKHOVSKY et al. (1997a, 2011) derived an evolution

equation for the damage state variable using energy

and entropy balance equations and requiring non-

negative entropy production. Previous studies with the

damage model have shown that constant remote

loading leads to an accelerated damage accumulation

once exceeding the threshold n0 for damage onset (e.g.,

BEN-ZION and LYAKHOVSKY, 2002). This would produce

inevitable loss of convexity unless the local stress is

relaxed rapidly. To regularize the damage evolution

close to the critical state leading to loss of convexity,

we simplify the model developments of LYAKHOVSKY

et al. (2011) by adding a damping term that becomes

effective when the critical state is approached. The

resulting equation for damage evolution is

_a ¼ I2 Cdðn� n0Þ � q

K2

h i
if n� n0

0 if n\n0

(
ð13Þ

where Cd is a model parameter controlling the rate of

damage growth, the q-term is added to damp the

damage growth near the critical state

K ¼ minðK1;K3Þ=l0 ! 0. Note that eigenvalues in

Eqs. (11) and (12) physically have a unit of elastic

modulus. To facilitate the understanding of K, we

normalize its value by l0 in the numerical imple-

mentation, such that its distribution in terms of a non-

dimensional contour map can be easily shown in the

n� a phase space (Fig. 3). This map quantifies the

closeness of the material element to the critical state

in the n� a phase space.

Following the interpretation of LYAKHOVSKY et al.

(2011) and LYAKHOVSKY and BEN-ZION (2014a, b),

K ¼ 0 separates between solid-like (K [ 0) and

granular-like (K\0) states of material in the com-

pressive and partially tensile regime. This is

illustrated in Fig. 3 with a gradual phase transition

Table 1

Hessian matrix of U (multiplied by q) qðo2U=oee
ijoe

e
klÞ in 2-D

ee
11 ee

22 ee
12

ee
11 kþ 2l� cnþ cne2

1 � 2ce1 k� cðe1 þ e2Þ þ cne1e2 0

ee
22 k� cðe1 þ e2Þ þ cne1e2 kþ 2l� cnþ cne2

2 � 2ce2 0

ee
12 0 0 2l� cn

Notation e1 ¼ ee
1=

ffiffiffiffi
I2

p
, e2 ¼ ee

2=
ffiffiffiffi
I2

p
,

where ee
1 and ee

2 are principal strains

The original 3-D version can be found in Table 1 of LYAKHOVSKY et al. (1997a)

Figure 2
A n� a phase diagram characterizing rock behaviors in different

deformation regimes as a function of internal damage in 2-D. From

left to right n ¼ �
ffiffiffi
2
p

and n ¼
ffiffiffi
2
p

correspond to isotropic

compaction and tension, respectively, while the deformation has

non-zero shear component in between. The threshold value n0

defines the level of n above which damage starts to accumulate.

From bottom to top a ¼ 0 corresponds to purely elastic solid

without internal damage, while a ¼ 1 defines the maximum

damage level where convexity is lost at n0. Red and blue curves

correspond to the conditions with loss of convexity in Eq. (11), and

the green curve corresponds to the condition defined in Eq. (12); all

the conditions are normalized by l0. The piece-wise black curve

defines the common boundary between preserving and losing

convexity for all possibilities. A corresponding 3-D version can be

found in Fig. 1 of LYAKHOVSKY et al. (1997a)

Vol. 172, (2015) Dynamic Ruptures on a Frictional Interface 1247



between solid-like and granular-like phases of a

material under brittle deformation. The dependence

of the transition state on a mechanical variable (n)

and an entropy-related variable (a) is analogous to the

pressure–temperature diagrams of classical phase

transitions. A probability function describing how

solid-like a material element is may be defined as

PðKÞ ¼ 1

exp �K=bð Þ þ 1
; ð14Þ

where b is a parameter quantifying the width of the

phase transition zone between solid-like and granu-

lar-like states. Two end-member cases relevant for

this model formulation are P K
b � 1
� �

! 1 for solid-

like phase far away from the transition level and

P K
b ! 0
� �

! 1=2 when the transition state is

approached.

Two separate terms can contribute to the accu-

mulation of plastic strain during failure (LYAKHOVSKY

et al., 2011):

_ep
ij ¼ Cgð1� PÞ þ Cv _a


 �
sij: ð15Þ

The first term arises from the intrinsic viscous

behavior of the granular phase, which scales with the

probability of the granular state 1� P (LYAKHOVSKY

et al., 2011). The second term was originally

proposed by HAMIEL et al. (2004) and represents the

ordinary generation of damage-induced plastic defor-

mation. Similar to previous studies, we assume that

plastic strain is partitioned to different components

according to the deviatoric stress sij ¼ rij � 1=2rkkdij

(in 2-D).

2.3. Numerical Method and Model Parameterization

The simulations are performed using a 2-D

spectral element code (AMPUERO, 2002; SEM2D-

PACK-2.3.8, 2012, available at http://sourceforge.

net/projects/sem2d/), with implementation of the

presented brittle damage rheology. We extended the

initial work by AMPUERO et al. (2008) to incorporate

the control on loss of convexity (Eqs. 13–15).

Absorbing boundary conditions are assumed around

the calculation domain, which is set large enough to

ensure no interference with the propagating rupture

and the generated off-fault damage. A visco-elastic

layer of the Kelvin–Voigt type is added surrounding

the fault to damp the high-frequency numerical noise.

The implementation of a non-linear bulk rheology is

described by LYAKHOVSKY et al. (2009). The accuracy

of this code has been validated by various studies

(AMPUERO, 2002; HUANG and AMPUERO, 2011; GABRIEL

et al., 2013; XU et al., 2012a; see also the user’s guide

of SEM2DPACK-2.3.8, 2012).

Similar to our previous studies with off-fault

plasticity (XU et al., 2012a, b), the calculated

quantities are normalized by reference parameters.

Table 2 lists values of basic parameters that are fixed

unless mentioned otherwise. We set the static friction

coefficient at 0.6, within the range of typical values

measured by laboratory experiments (LOCKNER and

BEELER, 2002). For most of the studied cases we set

the dynamic friction coefficient at 0.1, as found in

frictional experiments under high slip rate (DI TORO

et al., 2011). Table 3 summarizes the conversion

between the physical and normalized quantities that

are frequently discussed in this study. We typically

use in the simulations an average grid size (average

spectral node spacing) of Dx 	 L0=4 with L0 as a

reference unit length scale (see Table 2), which is

equivalent for most assumed stress and friction

Figure 3
A schematic diagram showing the path of damage evolution in

n� a phase space, where the condition K1 ¼ 0 dominates the

determination of loss of convexity (red curve in Fig. 2). The

background color shows the normalized contour map (divided by

l0) of K1 (here, simplified as K) as a function of n and a. Damage

starts to accumulate once n� n0, but is damped by a ‘‘buffer zone’’

(the grey belt region) near the critical state (K ¼ 0), where a

granular-related plasticity can significantly relax the strain. With a

fixed value of Cd , the width of the buffer zone will be

predominantly controlled by the damping parameter q in Eq.

(13), and the phase-transition parameter b in Eq. (14)

1248 S. Xu et al. Pure Appl. Geophys.
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coefficient values to Dx 	 R0=53. We note that the

physical length scale R0 is fixed in each case, but may

change among cases since it depends on the initial

normal stress, friction coefficients, and Dc values

(Eq. 2b), while the reference length scale L0 is the

same for all cases. For convenience we present length

scales in the simulated results in terms of both R0 and

L0. For cases requiring very large domains, we switch

to a doubled grid size, but check that the key features

are not influenced.

3. Results

In principle, we could perform a detailed param-

eter-space study to investigate how different model

parameters can influence properties of the generated

damage zones and their interaction with fault motion.

However, since the adopted damage model shares

some similarities with plasticity, such as the depen-

dence of the location and extent of damage zones on

the background stress and rupture mode (AMPUERO

et al., 2008), we mainly present additional features

that are produced with the damage model and can be

relevant to the interpretation of various observations.

3.1. Dynamic Changes of Normal Stress on the Fault

One important feature produced by off-fault

brittle damage is coupling between slip and dynamic

changes of the normal stress Dr on the fault, induced

by the bimaterial effect. It is well known that during

propagation of mode-II ruptures in a linear homoge-

neous elastic medium, the normal stress does not

change on the fault because of the symmetry in the

fault-normal displacement field. However, a contrast

of elastic properties across the fault breaks the

symmetry and leads to coupling between Dr and

slip. For a bimaterial frictional fault, the sign and

amplitude of Dr depend on the sense of slip, degree

of material contrast, rupture propagation direction,

position relative to the rupture front, and rupture

speed regime (e.g., WEERTMAN, 1980, 2002; BEN-

ZION, 2001). Here, we show that the expected changes

of normal stress can also be observed with the

spontaneous generation of a material contrast across

the fault, owing to an asymmetric pattern of damage

generation (through Eqs. 5, 13). We note that the

non-linear stress–strain relation for a damaged

medium (Eqs. 7, 8) may also contribute to Dr even

under a pure shear deformation (I1 ¼ 0).

Figure 4a, b show the spatial distributions, at a

selected time, of the effective shear wave speed

calculated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðaÞ=q

p
for cases with background

stress orientations W ¼ 14� and 56�, respectively. A

more accurate calculation of the shear wave speed

in the damaged material would also take into

consideration the stress level, and account for

stress- and damage-induced anisotropy (HAMIEL

et al., 2009), but for simplicity this is not done

here. The low and high W values are chosen as

representative of thrust and large strike-slip faults,

respectively. The W values were shown to be

important for determining the location of dynam-

ically generated off-fault yielding (e.g., TEMPLETON

and RICE, 2008; AMPUERO, et al., 2008; XU et al.,

2012a, b). The inset grey plots in Fig. 4 show

strain-based predictions of the current failure zone

based on Eqs. 6 and 13. We use such predictions to

constrain the selected values for Cd and q (Eq. 13),

so that the damage zone can be generated dynam-

ically without too much delay in response to high n
value. The stress-based theoretical analysis of XU

Table 2

Model parameters and reference values

Parameters Value

Lamé parameters for intact rocks k0, l0 1, 1

P- and S-wave speeds for intact rocks c0
p, c0

s 1.732, 1

Mass density q 1

Reference unit length scale L0 1

Characteristic length scale (TWF) RTWF 4L0

Characteristic slip distance (SWF) Dc 2L0 or 5:6L0

Static friction coefficient fs 0.6

Dynamic friction coefficient fd Variable

Static size of process zone (SWF) R0 Variable

Critical elastic strain invariant for the

onset of rock damage n0

-0.98

Table 3

Conversion between physical and normalized quantities

Length Time Slip rate Normal stress

change

Shear stress

change

l0 ¼ l
R0

t0 ¼ tc0
s

R0
D _u0 ¼ D _uR0

Dcc0
s

Dr0 ¼ Dr
r0j j Ds0 ¼ Ds

ðs0�sdÞ
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and BEN-ZION (2013) could also explain well the

generated yielding zones.

As seen by the curves in Fig. 4, there is a tensile

normal stress change right behind the rupture front

for W ¼ 14� with reduced shear wave speed mainly

on the compressional side, and a compressive normal

stress change in the corresponding location for W ¼
56� with reduced shear wave speed on the extensional

side. These normal stress changes and their depen-

dence on the location of off-fault damage (compliant)

zone are generally consistent with results associated

with a pre-existing material contrast across the fault

(e.g., ANDREWS and BEN-ZION, 1997; BEN-ZION and

ANDREWS, 1998; SHI and BEN-ZION, 2006). On the

other hand, the amplitude of the normal stress change

may be modified by plasticity-related stress relaxa-

tion (DUAN, 2008b; DEDONTNEY et al., 2011), as well

as details of the regularization of normal stress

changes (RUBIN and AMPUERO, 2007; AMPUERO and

BEN-ZION, 2008).

3.2. Development of a Detached Pulse Front

According to the basic results in Sect. 3.1, there is

a compressive normal stress change behind the

rupture front for W ¼ 56�. If this is the only feedback

mechanism produced by off-fault brittle damage, the

dynamic strength drop would be reduced and the

propagating rupture would be somewhat suppressed

compared to cases with zero or tensile normal stress

change. In other words, this is the most unfavorable

direction for rupture propagation on a bimaterial

interface. Moreover, the rupture (if sustained) would

generally remain crack-like with the adopted nucle-

ation approach and friction law (DUAN, 2008b). On

the other hand, the generated damage zone is

expected to modify the rupture properties through

interactions between waves reflected from the bound-

aries of the damage zone and the propagating rupture

(e.g., HARRIS and DAY, 1997; BEN-ZION and HUANG,

2002; HUANG et al., 2014). However, in contrast to

Figure 4
Snapshot distributions of the mapped shear wave speed (based on the evolving damage) for cases with (a) W ¼ 14� and (b) W ¼ 56�. For both

plots, Dc ¼ 2L0 (it is set at 5:6L0 for all other cases), Cd ¼ 0:25c0
s=L0 	 1:2c0

s=R0, Cv ¼ 1=l0, and Cg ¼ 0. Normal stress change Dr along

the fault is imposed in each plot, with a reference scale bar on the right. Positive and negative values indicate tensile and compressive

changes, respectively. The inset grey plots show the current failure zone defined by n� n0 at the same time. As an illustration for the basic

roles of damage, granular-related damping is turned off (q ¼ 0) and results are shown only for a limited rupture propagation distance
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previous studies of bimaterial ruptures with a low

velocity zone (LVZ), the damage zone bounding the

fault here is evolving, leading to more complex

responses. Below we discuss a case where a detached

pulse is produced by the interactions between the

rupture and asymmetrically generated off-fault dam-

age zone.

Figure 5 shows the slip rate (panel a), normal

stress change (panel b) and shear stress change (panel

c) for a simulation similar to that producing Fig. 4b,

but with W ¼ 30� and much longer propagation

distance. At the early stage, the slip rate profile still

displays a classic crack style (time t1). However, with

increasing rupture propagation distance and damage

generation, there are additional tensile changes of

normal stress and shear stress reduction further

behind the rupture front. The net effect leads to a

local reduction of slip rate at time t2 and finally

produces a completely detached pulse front at time t3.

When a detached pulse front has formed, there is a

sharp shear stress trough (lower than the frictional

strength despite a tensile normal stress change) in the

region between the pulse front and the remaining

slipping patch (Fig. 5c, at time t3), which resembles

what is observed in elastic homogeneous calculations

with a triggered supershear pulse front (Fig. 1b of

FESTA and VILOTTE, 2006). Since there is no rate-

dependent healing in the employed friction law, the

detached pulse front is followed by a long tail of

freely slipping patch under dynamic friction, where a

second pulse may be further developed (see the left

arrow between Fig. 5a, b). However, if we allow a

rapid healing on the frictional fault once the slip rate

is below a certain threshold value (as in HUANG and

AMPUERO, 2011), a pure pulse-type rupture could be

generated after the transition.

Next we investigate and discuss details of the

transition process to the detached pulse front. As

mentioned, reflected waves within the LVZ are most

likely responsible for producing the slip arrest. To

confirm this expectation in the context of spontane-

ously evolving LVZ, we first plot the damage

distribution and its off-fault variation in Fig. 6. As

seen, within the overall damage zone, there is an

Figure 5
Spatial distributions of (a) slip rate, (b) normal stress change, and (c) shear stress change for a case with W ¼ 30� at three time steps. The

simulation employs fd ¼ 0:1, Cd ¼ 0:1c0
s=L0 	 1:32c0

s=R0, q 	 0:66c0
s=R0, Cg 	 0:53c0

s=ðl0R0Þ, Cv ¼ 0, and b ¼ 0:2. The chosen times

highlight the moments when the propagating rupture behaves like a crack (t1), with a partially (t2) or completely (t3) detached pulse front. The

black arrows connecting (a) and (b) at time t3 indicate two notable tensile Dr regimes behind the rupture front, both of which are associated

with a local reduction in slip rate
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internal region near the fault that contains a high

damage level with relatively gradual spatial variation.

This internal region acts as an effective waveguide

and provides the key structural element for genera-

tion of reflected waves rather than the overall damage

zone, although both have growing width with

increasing rupture length. The generated configura-

tion is similar to the two-fault-zone-layers model of

BEN-ZION (1998), with a narrow internal layer of

significant velocity reduction that is responsible for

key properties of the generated trapped waves, and

adjacent transition zone that adds complexities to the

wavefield.

Figure 7 displays zoom-in views of the mapped

effective shear wave speed, the associated fault-

normal particle velocity _uy and normal stress change

Dryy near the rupture front. As clearly shown in

Fig. 7c, there are series of alternating normal stress

changes behind the rupture front, generally with

opposite signs on different sides of the fault. The

position of the first tensile normal stress change

regime behind the rupture front (on the fault and to

the compressional side) more or less coincides with

the location where a fresh wedge-shape LVZ has just

formed (Fig. 7a). The precise boundary where waves

are reflected to heal the rupture is difficult to discern

from the current particle velocity distribution

(Fig. 7b), because of the complex geometry of the

LVZ near the rupture front and its evolving shape.

For comparison, Figs. 8 and 9 show corresponding

results generating single or multiple detached pulse

front(s) and alternating normal stress changes (Fig. 9)

behind the rupture front in elastic calculations with a

pre-existing asymmetric finite-width LVZ. The sim-

ilarity between those results and the (somewhat more

complex) fields shown in Fig. 7 with evolving off-

fault damage suggests that wave reflection contrib-

utes to the rupture healing process. In particular, the

localized negative slip rate observed at some time

steps in Figs. 8 and 9 implies that the sign of absolute

shear stress can be temporarily reversed by reflected

waves. This turns out to be the dominant factor that

Figure 6
Snapshot distributions of (a) damage and (b) its off-fault variation for the case of Fig. 5. The color bar in (b) indicates how the sampling

locations (on the extensional side) are mapped to different colors: from X ¼ 60R0 (blue) to X ¼ 150R0 (red). Note the asymptotic saturation of

damage with proximity towards the fault, where a narrow waveguide within the overall LVZ may be defined
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produces the healing signal regardless of a tensile

normal stress change at the same location. The

operating mechanism may also include the contribu-

tion of head waves (e.g., BEN-ZION, 1989, 1990;

HUANG et al., 2014) that are backward-propagating

along the boundaries of the LVZ, and an asymmetric

‘‘Mach front’’ only on the extensional side with a

speed faster than the shear wave speed of the LVZ

*0.7(c0
s ) that remains behind (Fig. 10). These mech-

anisms are expected because there are linear features

in the particle velocity distribution (Fig. 7b) around

X ¼ 159R0, which are usually observed for head

waves or a Mach front (as well as its reflected

counterpart within an LVZ).

In addition to the complex wave signals around

the rupture front, waves are also emitted from the tail

of the detached pulse front and propagate backward

(Fig. 7b, c). Some of these waves become internally

reflected or trapped inside the well-established LVZ

further behind the rupture front. When such waves

reach the fault, they may result in oscillations of slip

rate in the freely slipping patch of the fault, similar to

what have been illustrated in the results and Appen-

dix of BEN-ZION and Huang (2002) for the interaction

with the rupture front; see also HUANG and AMPUERO

(2011) and Huang et al. (2014). The generation of

trapped-type waves is enhanced by the following two

conditions that exist further behind the rupture front:

Figure 7
Snapshot distributions in a zoom-in view of (a) mapped shear wave speed, (b) fault-normal particle velocity _uy, and (c) normal stress change

Dryy for the case of Fig. 6. The distribution of slip rate at the same time is superimposed in each plot
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(1) a well-established LVZ with minor additional

shape evolution to allow constructive interference of

internal wave reflections, and (2) smooth distribution

of background particle velocity with a relatively low

amplitude. The effects of these trapped waves on

rupture dynamics and near-fault ground motion are

discussed in subsequent subsections.

3.3. Development of Slip Rate Oscillations

Since internal wave reflections can provide an

additional feedback mechanism between off-fault

brittle damage and rupture dynamics, we may use

analytical and numerical model results with a pre-

existing LVZ (e.g., BEN-ZION, 1998; HUANG et al.,

2014) to investigate the influence of different mech-

anisms (velocity contrast inside and outside the

damage zone, rupture propagation distance, width

of the damage zone, damping effects) on the

efficiency of generating internal wave reflection and

its interaction with the propagating rupture. Here, we

mainly focus on one feature generated by our

numerical simulations, the development of slip rate

oscillations under certain conditions.

Figure 11 shows snapshots of slip rate (a), normal

stress change (b), and shear stress change (c) for a case

with W ¼ 30� and slightly different values of other

model parameters (see caption) from those leading to

Fig. 5, generating a narrower damage zone. Similar to

the results in Fig. 5, the rupture initially behaves as a

crack (time t1), and later has an abrupt reduction in slip

rate behind the rupture front (time t2). In contrast to the

previous results, however, at a later stage (time t3), the

rupture produces a relatively large detached pulse and

oscillating slip rate further behind. As shown in

Appendix, these oscillations of slip rate are well

resolved numerically (Fig. 19), but their occurrence

depends on the details of normal stress regularization

and their wavelength depends on mesh size. This

implies that the oscillations may be produced (at least

partly) by the instability of a bimaterial fault config-

uration (COCHARD and RICE, 2000; RANJITH and RICE,

2001). Related discussion on the bimaterial instability

can be found in Appendix, while here we mainly focus

on evidence that the slip rate oscillations are modulated

by fault zone waves.

Figure 12 presents detailed results of slip rates at

different times, showing that the oscillations migrate

Figure 8
Snapshot distributions of slip rates for elastic calculations with a pre-existing finite-width (W) LVZ (see inset in a). a W ¼ 5L0 	 0:4R0,

b W ¼ 10L0 	 0:8R0 and c W ¼ 40L0 	 3:2R0. For all cases, the P- and S-wave speeds have a 30 % reduction inside the LVZ compared to

those of the country rocks
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towards the rupture propagation direction, with a

somewhat expanding size. This is consistent with our

expectation that they are triggered by a moving

source (i.e., waves emitted from a propagating pulse

front), although it is difficult to eliminate completely

numerical artifacts that may also be triggered by a

moving source or have a non-zero group velocity (see

discussion in Appendix). The strong oscillations in

slip rate and the long duration of the process imply

that the anticipated internal wave reflections in the

LVZ are more efficiently interacting with the fric-

tional fault. To see this more explicitly, we plot the

damage distribution and its off-fault variation

(Fig. 13). The overall damage zone follows a similar

pattern to that shown for the previous case in Fig. 6,

but the near-fault damage zone structures are quite

different in the two cases. The current case has a

more localized internal damage zone with very

slowly growing width along strike and almost

constant damage level. This is indicated by the

dashed line in Fig. 13a and the overlap of different

damage decay profiles close to the fault in Fig. 13b.

A comparison between the dominant wavelength

of the oscillating slip rate in Fig. 12 and the damage

zone structure in Fig. 13 suggests that the former is

on the order of the width of the internal damage zone

(having *30 % reduction in shear wave speed).

Oscillation wavelengths and internal damage zone

widths observed in several simulations are listed in

Table 4 and are found to be roughly proportional.

Figure 9
Snapshot distributions of Dryy for the case of Fig. 8a (a) and Fig. 8b (b) at times when a detached pulse front has just formed. The solid black

curve shows the slip rate distribution for each plot. The dashed black lines indicate the boundaries of the pre-existing LVZ
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Similar oscillations have been reported in models

with pre-existing low velocity zone (e.g., HARRIS and

DAY, 1997; BEN-ZION and HUANG, 2002; HUANG et al.,

2014). They were also observed in our elastic tests of

rupture along the (bimaterial) boundary of very

narrow pre-existing low velocity zones (not shown

here). In addition, we find that the oscillation

wavelength is also proportional to the mesh size

(Fig. 19b). We conclude that while a bimaterial

instability enables the emergence of slip rate oscil-

lations far behind the rupture front, their

monochromatic character is controlled by the finite

thickness of the damage zone.

The current case develops slip rate oscillations

during rupture propagation for the following reasons:

(1) Its generated narrower damage zone near the fault

enhances the development of trapped waves (BEN-

ZION, 1998) because the number of reflections with

significant amplitude increases with decreasing

Figure 10
Spatio-temporal variation of slip rate for the case of Fig. 6. Various

wave speeds of the intact or highly damaged rocks close to the fault

(see Fig. 7a) are plotted for reference

Figure 11
Similar to Fig. 5, but with slightly different model parameters: fd ¼ 0:2, Cd ¼ 0:8c0

s=L0 	 13:2c0
s=R0, q 	 6:6c0

s=R0, Cg 	 0:165c0
s=ðl0R0Þ,

Cv ¼ 0, b ¼ 0:1. The chosen times highlight the moments when the propagating rupture behaves like a crack (t1), with a partially detached

pulse front (t2) or a completely detached pulse front followed by a train of pulses (t3)
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damage zone width if other factors remain about the

same. (2) Its generated near-fault damage zone has

approximately a constant width along strike, which

can construct trapped waves more coherently than

with a spatially varying width (e.g., IGEL et al., 1997;

JAHNKE et al., 2002). On the other hand, we notice

that the slip rate oscillations appear only after the

rupture has propagated over a certain distance range

(Figs. 11, 12), and that they emerge at some distance

behind the detached pulse front. These features may

be explained by the fact that the number of oscilla-

tions of internal wave reflections and trapped waves

increase with propagation distance (BEN-ZION, 1998),

leading to larger cumulative interaction with the

fault.

3.4. Modulation of the Rupture Front

From the previous results it is seen that radiated

waves and their reflections within a LVZ can interact

with the fault portion behind the rupture front. We

also expect that the waves interact with the rupture

front itself to produce oscillations of the rupture

speed. Indeed, with a pre-existing constant-width

Figure 12
Spatial distribution of slip rate with persiting oscilations at different

times for the case of Fig. 11

Figure 13
Snapshot distributions of (a) damage and (b) its off-fault variation for the case of Fig. 11. Slip rate at the same time is superimposed in (a).

The color bar in (b) indicates how the sampling locations are mapped to different colors: from X ¼ 60R0 (blue) to X ¼ 85R0 (red)
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LVZ, a simple geometric relation between the period

of rupture speed oscillations and the rupture speed (in

the subshear regime of the LVZ) and properties of the

LVZ (width, wave speed) can be readily established

(BEN-ZION and HUANG, 2002). Large rupture speed

oscillations have been observed in numerical simu-

lations with pre-existing LVZ (HUANG and AMPUERO,

2011; HUANG et al., 2014). However, in the current

study with evolving geometrical and material prop-

erties of the LVZ the results are more complex. The

radiated waves in our case may initially propagate

with the speed of the intact material (there is no LVZ

in some region around the rupture front), get later

trapped inside an evolving LVZ and finally interact

with the rupture front at its new position.

Since the backward-propagating waves and their

reflections continuously produce healing signals

behind the rupture front and modulate the stress

drop, the stress concentration and energy release rate

will be influenced by these fluctuations, leading to

local acceleration or deceleration of the rupture

speed. Figure 14 shows the evolution of smoothed

rupture speed vr (through 8-point averaging) and

maximum slip rate vmax for the case leading to Fig. 5.

As seen, beyond the location X
 45R0, both vr and

vmax are locally modulated by quasi-periodic oscilla-

tions. The oscillations are well-resolved numerically

and reflect a genuine physical outcome of the

examined case. The coherence of the oscillating

signals becomes stronger beyond X
 92R0 (marked

blue bar in Fig. 14), which corresponds to the

location where a detached pulse front has just formed.

These types of oscillations are observed for all the

cases in our study where a detached pulse front is

Table 4

Relations between simulated oscillation wavelength of slip rate,

width of internal damage zone (normalized by L0), and maximum

damage

Oscillation

wavelength

Width Maximum

damage

0.7 0.2 0.4

1.5 0.4 0.4

1.8 0.5 0.3

3 0.6 0.3

10 2 0.4

Figure 14
Spatial variations of (a) rupture speed and (b) maximum slip rate for the case of Fig. 5. The blue bar in the zoom-in view roughly indicates the

location where a detached pulse front has formed for the first time
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developed. It should be mentioned that the whole

process is essentially non-linear because the per-

turbed rupture front determines the updated wave

radiation and off-fault damage generation, which can

influence the interference with the rupture front in a

further step.

Additional simulation results indicate another

scenario where the detached pulse front itself can

become a train of pulses, which is usually associated

with an extremely narrow and highly damaged zone

close to the fault. However, in such a scenario we

also find that high-intensity damage can localize, as

shown also for plasticity (DUAN, 2008a), onto mesh

edges close to the boundary of the generated (or pre-

existing) narrow compliant zone in off-fault regions.

This localization produces mesh-dependence for the

simulation results, so the robustness of this scenario,

and its implication for boundary Y-shears observed at

the interfaces between fault gouge and country rocks

(GU and WONG, 1994), should be more carefully

investigated by our future work.

3.5. Effects on Near-Fault Ground Motion

So far we have focused on the interplay between

the propagating rupture and radiated waves through

the generated off-fault damage zone. Here, we

consider in more detail the effects of the brittle

damage zone on the near-fault ground motion.

Figure 15 shows the amplitude of particle velocity

_uj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð _uxÞ2 þ ð _uyÞ2

q
for the case of Fig. 7. As seen,

the pattern is almost symmetric across the fault ahead

of the rupture front, because damage has not yet been

generated at those locations. In contrast, there is a

strong asymmetry in the distribution of particle

velocity right behind the rupture front, with higher

amplitude over a wider off-fault distance range on the

extensional side. This asymmetry can be well under-

stood as due to the reduced seismic impedance and the

possible multiple reflections of waves within the

damage zone generated at that location. It is interesting

to notice that the latter effect is directly connected to

the wedge shape of the fresh damage zone near the

rupture front (see Fig. 7a), which resembles the effect

of a dipping fault and free surface on the amplified

ground motion on the hanging wall (OGLESBY et al.,

1998; SHI and BRUNE, 2005).

Another asymmetry can be found in the ground

motion further behind the rupture front. As discussed

in Sect. 3.2, waves can be more coherently trapped

inside a well-established damage zone, but will

propagate away in a rather homogeneous medium.

Therefore, receivers located on the side with damage

generation are expected to record longer ground

shaking with higher amplitude in the later part of

seismograms than those on the other side. This is

explicitly shown in fault-normal velocity seismo-

grams in Fig. 16 for a linear array of receivers that is

symmetrically distributed across the fault at X ¼
106:1R0 (marked by a green line in Fig. 15). As seen,

after the passage of the rupture front (t [ 126R0=c0
s ),

receivers on the extensional side (red and below)

continue to record oscillatory signals with low

frequency and long duration. In contrast, receivers

on the compressional side (blue and above) only

record smooth motion that gradually reduces towards

zero. This contrast is more pronounced in the fault-

Figure 15
Snapshot distribution of amplitude of particle velocity at the same time as in Fig. 7. Two slip rate profiles are superimposed: the solid one

corresponds to the same time as in Fig. 7, and the dashed one is associated with an earlier time when a completely detached pulse front has

just formed. The green line indicates the location of receivers used in Fig. 16
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normal component than in the fault-parallel compo-

nent (not shown here), similar to the previous study

with pre-existing LVZ surrounding the fault (DUAN,

2008a). Detailed investigation of seismograms on the

extensional side also indicates that the first several

receivers from the bottom are outside the effective

waveguide, due to the lack of long-lived signal

oscillations compared to those closer to the fault. This

is confirmed by checking the mapped effective shear

wave speed distribution where the internal LVZ

(within the overall LVZ) has a thickness less than

1:5R0 around X ¼ 106:1R0.

4. Discussion

As mentioned in the text, there are some simi-

larities between off-fault plasticity and brittle

damage, including the equivalent onset criterion of

yielding for intact rocks (Eq. 6) and the dependence

of yielding zone properties on the background stress

and rupture mode (AMPUERO et al., 2008; XU and BEN-

ZION, 2013). However, there are also key differences

between the two rheologies, with the most important

being the fact that brittle damage changes the elastic

moduli of the yielding material while plasticity does

not. Another important difference is that in material

with brittle damage the elastic slopes for stress–strain

curves are different during loading and unloading,

while they are the same for material with plastic

yielding. Dynamic changes of elastic moduli and

evolution of the effective moduli under loading and

unloading conditions are well documented in labo-

ratory experiments (e.g., ZOBACK and BYERLEE, 1975;

GUPTA, 1973; LOCKNER et al., 1977; WEINBERGER

et al., 1994; HAMIEL et al., 2004) and have clear

effects on various wave propagation phenomena

(e.g., PENG and BEN-ZION, 2006; HAMIEL et al., 2009;

LYAKHOVSKY et al., 2009; WU et al., 2009). In the

context of dynamic rupture problems, the changes of

elastic moduli produced by brittle damage can pro-

duce strong interactions between various (reflected,

Figure 16
Velocity seismograms recorded by 40 receivers across the fault (green line in Fig. 15) in the fault-normal component (a) and its zoom-in view

(b). Receivers are arranged from the extensional side (bottom, starting at Y ¼ �20L0 	 �1:5R0) to the compressional side (top, ending at

Y ¼ 20L0 	 1:5R0). The red and blue highlight the receivers nearest to the fault from the extensional and compressional side, respectively
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head, and trapped) waves and the rupture even at

locations far behind the propagating front. Such

strong interactions generally do not exist for plastic-

ity, because the waves will simply propagate away

unless other mechanisms are introduced. Therefore,

several reported features in this study, such as

detached pulse front and strong oscillations of slip

rate, were not observed in previous corresponding

studies (a uniform frictional fault without a pre-

existing low velocity zone) employing off-fault

plasticity.

Both brittle damage and plasticity are able to

influence the tangent moduli that connect stress

increments with total strain increments, which can be

used to discuss instability leading to strain localiza-

tion (LYAKHOVSKY et al., 1997a, 2011; TEMPLETON and

RICE, 2008). From this point of view, both rheologies

can modify the stresses inside the yielding zones

relative to the elastic levels, especially the on-fault

normal stress when yielding occurs with an asym-

metric pattern across the fault (Fig. 4 of this study;

Figs. 4, 6 of ANDREWS, 2005). However, the detailed

mechanism leading to such stress modifications can

vary depending on the rheology. For Mohr–Coulomb

plasticity, normal stress changes are mainly due to the

asymmetric extent and/or orientation of stress relax-

ation across the fault (see, e.g. Figs. 6, 13, 14 in XU

et al. (2012a) for illustration and example results

from simulations with off-fault plasticity). For brittle

damage used in this study, the changes of normal

stress near the rupture front can be well explained by

an anticipated bimaterial effect, in addition to other

effects that may co-exist and are common to plas-

ticity (see Sect. 3.1).

Various mechanisms have been proposed to pro-

duce pulse-like ruptures that can explain

seismological observations of earthquakes with a

short rise time (HEATON, 1990) and field observations

on the lack of localized frictional heating near strike-

slip faults (BRUNE et al., 1969). These include rate-

dependent friction (ZHENG and RICE, 1998), finite-

width seismogenic zone (DAY, 1982), heterogeneities

of fault strength or initial stress (BEROZA and MIKUMO,

1996), rupture on a bimaterial interface (ANDREWS

and BEN-ZION, 1997), pre-existing symmetric or

asymmetric LVZ (HARRIS and DAY, 1997; BEN-ZION

and HUANG, 2002; HUANG and AMPUERO, 2011), and

generation of off-fault yielding by bimaterial ruptures

(BEN-ZION and SHI, 2005; XU et al., 2012b). In cases

where multiple mechanisms co-exist, whether pulse-

like ruptures can still be produced and their robust-

ness depend strongly on competitive effects. In this

study, we show that the spontaneous generation of

off-fault brittle damage accounting for changing

elastic moduli can also lead to the development of a

pulse front. More specifically, we investigate the

competition between a negative bimaterial effect

(with a moderate-to-high W value) and internal wave

reflection by a finite-width LVZ (Sect. 3.2), and show

that the latter can overcome the former under certain

conditions. These conditions include a slowly grow-

ing or approximately constant-width damage zone,

relatively large velocity contrast across the effective

boundary of the damage-related LVZ, and relatively

weak fault frictional strength behind the rupture front.

Connecting the first condition to our model parame-

ters, cases with 20� �W� 35� while keeping other

parameters (including the initial fault normal and

shear stress components) the same as in Fig. 5 can

successfully produce a detached pulse front within

the range of X\152R0 (Fig. 17a).

Detailed investigation reveals the following

features (Fig. 17b): (1) the critical rupture propa-

gation distance producing a detached pulse front for

the first time and the pulse width (see figure cap-

tion for definition) sampled at the same location

increase with the W value for W� 20�, which is

associated with an increasing ratio of damage zone

thickness to rupture propagation distance; (2) the

pulse width with a fixed W value increases with

rupture propagation distance, which is associated

with an increase of damage zone thickness. Similar

correlation between pulse width and LVZ thickness

can also be observed in elastic calculations with

symmetric or asymmetric pre-existing LVZ (Fig. 8

of this study; results of HUANG and AMPUERO, 2011;

HUANG et al., 2014). This provides additional evi-

dence for our expectation (Sect. 3.2) that the

healing signal comes from the trapped waves inside

the LVZ. The result summarized in Fig. 17 may

also explain why YAMASHITA (2000) did not observe

a detached pulse front in his numerical study by

modeling off-fault tensile microcracks. In that case,

the rupture either did not propagate over a long
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enough distance or the growing rate of LVZ

thickness was too fast, although other factors such

as material anisotropy and degree of velocity con-

trast may also be important for this topic.

In addition to a single, detached pulse front, our

results also produce a rupture mode (Sect. 3.3) that

has multiple pulses or show a tendency to develop

into multiple pulses. This type of rupture mode has

been seen in previous numerical studies under certain

conditions. These include cases with pre-existing

LVZ bounding the fault (HARRIS and DAY, 1997;

HUANG et al., 2014), along with ruptures that are

triggered by impact loadings (COKER et al., 2005; SHI

et al., 2010), cases associated with highly energetic

frictional nucleation procedure (SHI et al., 2008), and

cases with a relatively low background stress level

coupled with a strong rate weakening friction (GAB-

RIEL et al., 2012). The mechanism leading to multiple

rupture pulses in this work shares similarities with the

mechanisms in previous studies with pre-existing

LVZ, although there are also some differences. In

HARRIS and DAY (1997) multiple pulses were

observed with asymmetric LVZ primarily in the

positive direction defined by a local bimaterial

interface (Fig. 9a of their paper), while in HUANG

et al. (2014) it was produced by a friction law with

fast healing inside a symmetric, finite-width LVZ.

Here, multiple pulses are observed with both

dynamically generated as well as pre-existing LVZ

(see Figs. 8, 11) on the extensional side, which cor-

responds to the negative direction of a bimaterial

interface. The different LVZ configurations that

produce multiple pulses suggest that internal wave

reflections are a key generating mechanism that can

dominate other effects over ranges of conditions.

The strong persisting oscillations of slip rate in

Fig. 11 provide a possible mechanism for producing

tremor-like signals in close proximity to the fault,

although more work is needed to separate fully

physical features from possibly coupled numerical

artifacts. The mirror image of Fig. 11 from right to

left represents a waveform recorded by a near-fault

receiver, which is characterized (like tremor) by non-

impulsive shape, long duration, and relatively low

amplitude. The simulated results are most similar to

harmonic volcanic tremors that are largely mono-

chromatic and are typically explained in terms of

fluid interaction with the boundary of a magma

chamber (e.g., CHOUET, 2003). The process in this

study is similar, but instead of fluid interactions,

involves internally reflected waves with the boundary

of a fault zone. More realistic simulations that

incorporate pre-existing low velocity fault zone

structure with variable width and velocity contrast,

along with multiple operating sources [see, e.g. Fig-

ures 14–15 of BEN-ZION (1998)] are expected to

generate more complex signals that may be relevant

for volcanic and non-volcanic tremors. Variations of

Figure 17
a Profiles of slip rate for cases with different W values sampled at

the same rupture front location (X=R0 ¼ 131:5). The inset shows

the zoom-in view near the rupture front (indicated by the dashed

box) where the width of a completely or partially detached pulse

front can be defined. For cases with a partially detached pulse front,

the effective tail of the pulse is defined as the first local trough in

slip rate behind the rupture front. b Diagram showing the pulse

width as a function of W (indicated by colors) and sampling

location (indicated by marker shapes). Solid and open markers

represent completely and partially detached pulse fronts, respec-

tively, and the thick dashed line roughly characterizes the boundary

between the two. The inset plot in the upper left corner shows

schematically the configuration of the generated LVZ with

different W values (for W� 20�) and rupture propagation distance
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frictional properties along the fault will lead to rup-

ture acceleration and deceleration that may enhance

the radiation of the generated signals to the far field.

As mentioned in Sect. 3.3, the efficiency of the

mechanism leading to strong persisting oscillations of

slip rates increases for a LVZ with slowly varying

narrow width, which may exist primarily at the bot-

tom of or below the seismogenic zone. This implies

that the mechanism for the discussed tremor-like

near-fault signals should not operate at shallow

depths, since fault damage zones typically display a

flower-like structure toward the surface (BEN-ZION

and SAMMIS, 2003; ROCKWELL and BEN-ZION, 2007;

ALLAM and BEN-ZION, 2012).

The brittle damage model used in this study can

provide, with additional simulations, multiple sig-

nals for interpretation of different elements of fault

zone structures. As discussed in Section 7 of BEN-

ZION (2008) and studied by LYAKHOVSKY et al.

(2011) and LYAKHOVSKY and BEN-ZION (2014a, b), a

brittle instability leading to dynamic rupture may

correspond to a phase transition from a solid-like to

a granular-like state of rocks. This corresponds

physically to a transition from the fault damage

zone where the rock volume still maintains cohe-

sion to the slip zone filled with rock particles

(gouge, cataclasite, etc.). The model suggests

increasing rock damage density with proximity

towards the fault core, followed by a possible sat-

uration where rocks can no longer accommodate

additional fracturing, but are crushed into finer

grains, as has been documented by some field

observations (e.g., MITCHELL and FAULKNER, 2009;

ROCKWELL et al., 2009; Wechsler et al., 2011). This

general feature of off-fault damage variation can be

simulated with the adopted damage rheology during

both dynamic ruptures (Fig. 6, Fig. 13) and under

long-term, quasi-static loadings (BEN-ZION et al.,

1999; LYAKHOVSKY and BEN-ZION, 2009; FINZI et al.,

2009), with an explicit granular-related mechanism

that can physically damp the damage growth

(LYAKHOVSKY et al., 2011). An important and

challenging topic for a future study is multi-cycle

simulations of fault zone evolution, accounting for

damage accumulation and healing, as well as pos-

sible phase transitions in the states of rocks. This

may be attempted in a follow up work.
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Appendix : Numerical Tests on the Robustness of Slip

Rate Features

To assess the validity of results with oscillating

fields, we conduct numerical tests on the robustness

of the detached pulse front and slip rate oscillations.

Two different mesh sizes are used, with possible

modification of fault normal stress regularization, to

test the accuracy and stability of the resulting

ruptures.

Figure 18 shows simulated profiles of slip rate at

two different times for the case of Fig. 5, with two

different mesh sizes. In both examples, the process

zone size, defined as the distance from the onset of

slip to the peak slip velocity, is resolved by about six

nodes with the coarser mesh. Although there are

slight differences in the onset of slip and local peak or

trough values, the overall profiles match well,

including the resolution of the healing signal behind

the rupture front. Figure 19 shows test results for the

case of Fig. 11 where we vary parameters of the

normal stress regularization and the mesh size. We

use an estimated time scale t� ¼ dc

V�þ Vj j to quantify the

effect of normal stress regularization, with extremely

small and relatively large t� values corresponding,

respectively, to almost instantaneous and slightly

delayed response of frictional strength to fault normal

stress changes. Nominal t� values are evaluated here

with V ¼ 2V�. As seen, the resolved pulse front

profiles with the three tested t� values overlap well

with each other (Fig. 19a). This is because these t�

values are small compared to the time scale of the

frictional weakening process, which is of the order of

the travel time of a shear wave through R0. In
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addition, off-fault energy dissipation due to damage

and the plasticity-related stress relaxation near the

rupture front can help stabilize the slip rate (BEN-ZION

and SHI, 2005), so that the details of the normal stress

regularization become less important at that location.

We thus conclude that the detached pulse front is a

robust feature.

However, at locations further behind the rupture

front where the generated damage is frozen, the

assumed t� value can significantly affect the rupture

behavior (inset of Fig. 19a). The two cases with small

t� values (green and red) preserve slip rate oscilla-

tions with about the same wavelength, although

different phases (see the inset plot), while the case

with largest t� (blue) produces a smooth slip rate

profile without significant oscillations. A further

investigation with the smallest t� value shows that the

slip rate oscillations depend on mesh size: the

oscillation wavelength decreases with refining the

mesh size (Fig. 19b).

Based on above results, one may argue that the

resulting slip rate oscillations with small t� values are

produced by the numerical instability known for bi-

material problems (COCHARD and RICE, 2000; RANJITH

and RICE, 2001): the fault portion far behind the

rupture front is undergoing quasi-steady sliding with

a bimaterial configuration under a constant friction

(f ¼ fd), and is constantly perturbed by the trapped

waves that are initially emitted from the detached

pulse front. However, in contrast to typical artifacts

related to the bimaterial effect, the slip rate oscilla-

tions do not diverge with time, perhaps partly due to

the incorporated visco-elastic damping near the fault.

The oscillation amplitude appears to saturate at a

value controlled by the background slip velocity.

Moreover, the slip rate oscillations are quite

Figure 18
Numerical tests on the resolutions of slip rate (see Fig. 5 for reference) with two different mesh sizes. a At an earlier time with a weak healing

signal, and b at a later time with sufficiently strong healing to produce a completely detached pulse front

Figure 19
Numerical tests on the stability and resolution of oscillating slip rate (see Fig. 11 for reference) with (a) various model parameters for the

normal stress regularization and (b) different mesh sizes. See the text for the definition of t�
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monochromatic, suggesting a process characterized

by a dominant length scale such as the thickness of

the internal damage zone waveguide (see Fig. 13).

Section 3.3 in the main text gives some physical

perspectives on the possible origin of such slip rate

oscillations, as a comparison to the case in Fig. 5

without oscillations. We conclude that the observed

slip rate oscillations are likely induced by a physical

process involving interaction with trapped waves,

superposed with a numerical instability due to the

bimaterial fault configuration. Current understanding

of fault friction based on laboratory experiments

(e.g., KILGORE et al., 2012) suggests a delayed fric-

tional strength response to a sudden step-like normal

stress change. Additional future work involving a

bimaterial fault loaded by an oscillating normal stress

should be done to fully understand the results asso-

ciated with the simulated slip rate oscillations.
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