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1 Abstract

Real earthquake faults are surrounded by fractured zones whose effect on earth-
quake rupture is investigated. We first performed a series of dynamic photoe-
lasticity experiments of a dynamic shear rupture along a frictional interface
bounded on one side by an intact material and on the other side by a damaged
material of the same or different undamaged elastic properties. We notice that
on the side of the rupture where damage is in tension the bulk damage effects
dominate over the local elastic effects leading to reduction in rupture velocity
or in some cases complete termination while on the compressional side the
local elastic effect seems to dominate. To numerically model the above experi-
ments we developed a micro-mechanics based damage constitutive description
with friction on the fault governed by complex rate and state like laws. Our
numerical results agree well with the photoelastic experiments.

2 Introduction
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ultracataclasites. The core is bordered by layers of coarser granulated rock
commonly termed gouge or fault breccia, or more recently pulverized rock.
These layers are typically meters thick an appear to have accommodated little
or no shear strain. The granular layers are bordered by highly fractured (but
not granulated) wall rock within which the fracture density decreases to the
regional background value over a distance of a few hundred meters. More de-
tailed descriptions of fault zone structure, deviations from the ideal symmetry
in Figure 1, and discussions as to how it might have formed are given by [1, 2].

The focus of this paper is on how fault zone structure affects earthquake
rupture propagation, with '
special emphasis on a se-
ries of recent laboratory mea-
surements of rupture veloc-
ity on faults in damaged pho-
toelastic plates by [3, 4]
and  [5]. [3] observed a
reduction in rupture velocity
caused by a symmetric dis-
tribution of damage about a

pre-machined fault and mea-
sured the spatial extend of Figure 2: Schematic diagram of ap-

the interaction between the paratus used to take a series of high-
rupture tip and the off-fault speed photographs of dynamic ruptures
damage. [4] and [5] stud- on pre-machined faults in photoelas-
ied propagation asymmetries tic Homalite and polycarbonate plates.
caused by slip on the inter- The inset shows a sample in the loading
face between damaged and frame used to apply uniaxial stress P.

Beam Splitter

ECan-'\era n

undamaged materials, as would be the case if an earthquake rupture prop-
agated along one side of a fault zone.

A first order effect of fracture damage on rupture propagation is to lower the
elastic stiffness of the material. By reducing the shear wave speed ¢, the effect
on rupture velocity is to lower the limiting Rayleigh speed, which is 0.92¢, for
Mode II ruptures. However, [3]| found that damage reduced the rupture ve-
locity below that expected based solely on the lower shear wave speed. They
ascribed this additional reduction to a further dynamic reduction in modulus
and to anelastic losses associated with frictional slip on the myriad of small
off-fault fractures that comprise the damage. [4] and [5] extended these mea-
surements to ruptures that propagate on the interface between damaged and
undamaged materials. In these experiments, the off-fault damage produced
additional asymmetries in the propagation of ruptures beyond those expected
from the associated contrast in elastic stiffness. Propagation asymmetries as-
cribed to the damage were observed to be stronger than those due to elastic
contrasts.



3 Experimental Apparatus

All experiments described here used the apparatus shown in Figure 2. Square
plates of the photoelastic polymers Homalite and polycarbonate were prepared
with a pre-machined fault at an angle o to the edge as in Figure 3. The plates
were loaded with a uniaxial stress P and a bilateral rupture was nucleated by
using a high-voltage pulse to explode a wire in a small hole that crossed the
center of the fault plane. The explosion reduced the normal stress on an ~ 1
cm long patch of the fault

plane allowing shear slip Pl

that nucleated the rupture.
The voltage pulse was also
used to trigger a pair of
high-speed digital cameras
that recorded a series of
high-speed images of the
shear stress field revealed
as fringes in polarized laser
light.

Figure 3: Asymmetries in an undamaged
Homalite plate in contact with a dam-
aged Homalite plate. Since the damaged
Homalite is slightly less stiff than the un-
damaged Homalite, the ‘4’ direction of
propagation is to the left, which by con-
vention is the direction of motion of the
less stiff material. The anelastic asymme-
try is denoted by the ‘C’ propagation di-
rection for which the compressional lobe
- of the crack tip stress concentration trav-
in Figure 4 shows the corre- g through the damage and the ‘T’ di-

qunding instan?aneous‘ Ve rection for which the crack tip places the
locity as a function of time. damage in tension

Instantaneous velocity was

found by differentiating an interpolated cubic spline fit to the displacements
using a MATLAB utility [4, 5]. Note that propagation is symmetric and both
rupture tips accelerate to the limiting (Rayleigh) rupture velocity for mode
IT propagation and then transition to supershear velocities approaching the P
wave speed (note, ¢,/cs = 2.1 for Homalite).

The upper panel in Figure
4 shows four frames taken
at the times indicated dur-
ing one of the Homalite ex-
periments. Fringes associ-
ated with stress concentra-
tion at the rupture fronts
and S wave (generated by
the nucleation event) can be
identified. The lower panel

4 Effect of Asymmetric Off-Fault Damage on
Rupture Velocity and Directionality

[4] used the apparatus in Figure 2 to measured the velocity of ruptures on the
interface between damaged and undamaged Homalite. As illustrated in Figure



3, the symmetry in these experiments is broken in two ways: elastically and
anelastically. The elastic asymmetry is caused by the change in elastic modulus
across the fault plane, and results in different propagation velocities in the ‘4’
direction (the direction in which the lower velocity damaged Homalite moves)
and in the opposite ‘-’ direction. The physical cause of this elastic asymmetry
is tension across the fault plane at the tip of the rupture propagating in the

‘+ direction [6, 7, 8, 9, 10, 11, 12, 13, 14].

Prior experimental studies in such elastic bi-materials by
- 16 jis]

ruptures in the ‘4’ direc-
tion propagate at the gener-
alized Rayleigh wave speed
while those in the opposite‘-
" direction transition to su-
per shear velocitys that ap-
proach Py, = c%ow, the
P wave speed in the ma-
terial having slower wave
speeds. Theoretical studies
have shown that, depending
on the friction law and load-
ing conditions, a transition
to supershear propagation is
also possible in the ‘4’ direc-
tion with velocity approach-
ing Prost = cém, the P wave
speed in the material hav-
ing faster wave speeds [8,
10]. [5] observed simul-
taneous supershear propaga-
tion in the ‘4’ direction at
Prqsr and in the'-’ direction
at P, slow -

We hypothesize that the
anelastic asymmetry arises
because one fracture tip
has the compressive lobe of
its stress concentration in
the damage (which we term
the ‘C’ direction) while the
other tip has its tensile lobe
in the damage (which we
term the ‘T’ direction). For
example, in Figure 4 the
rupture tip moving to the

[12] found that
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Figure 4: Dynamic rupture on the in-
terface between damaged and undamaged
Homalite plates. The upper four panels
show frames at the times indicated se-
lected from the sequence of high-speed
photographs. The lower panel shows the
instantaneous velocity of the rupture tips
as a function of time. Note that the
left tip propagating in the ‘C+4’ direc-
tion transitions to supershear but that
rupture propagation in the ‘T-’ direction
is completely suppressed, presumably by
energy loss on the off fault damage ac-
tivated by the tensile lobe of the stress
field.



left is labeled ‘C+ because it is moving in the ‘+’ direction ( the direction
of motion of the more compliant damaged Homalite) and ‘C’ because the
compressive stress concentration lies in the damage. Following this conven-
tion, the tip moving to the right is labeled ‘T-. We propose that the physi-
cal cause of the anelastic asymmetry is that tension in the ‘T’ direction en-
hances sliding on the off-fault cracks that comprise the damage while com-
pression in the ‘C’ direction suppresses sliding. This asymmetry is evident
in Figure 5 which shows the velocities measured by [4] for a rupture on the
interface between damaged and undamaged Homalite. Note that the rup-
ture running in the ‘C+ direction moves at Pp.q, the expected velocity in

the ‘+ direction for an elas- 2o = 28°
tic bi-material.  Off-fault i,
damage appears to have lit-
tle additional effect in the
‘C, presumably because slid-
ing is suppressed by the
crack-tip compression. How-
ever, note that the rupture
in the ‘T-direction stops.
The interpretation is that % 10
tension enables energy dis-

-0
o = 25

Homalite/
Hamnli!i/

Homalite/
Damaged Homalite

oh“-"“:‘Hor:ml.r.\te/’

Homalite

1.5

vl

Homalite/ S
Damaged Horr:ai.ﬂ.év.b

0.5¢

Left Tip (C+) Right Tip (T-)

0 10 20
P (MPa)

sipation by frictional slid-
ing in the off-fault damage
near the crack tip that com-
pletely suppresses propaga-
tion.. The full set of rupture
velocities measured by [4]
on interfaces between Homa-
lite and damaged Homalite
are summarized in Figure
5 where they are compared
with measurements at the
same loads for the undam-

Figure 5: Summary of experimental re-
sults comparing rupture velocity in dam-
aged bimaterial samples with those in un-
damaged Homalite plates. Note that the
off-fault damage has little effect on rup-
tures traveling in the ‘C+’ direction but
a large effect on those propagating in the
‘T-’ direction. Bimaterial ruptures hav-
ing the tensile lobe in the damage did not
transition to supershear and, at large uni-
axial loads, did not propagate at all [from
4].

aged Homalite system. Note that ruptures in the ‘C+ direction are only
slightly affected by the damage while those in the ‘T-’ direction are severely
slowed or even stopped, especially at the highest loads. The rupture veloc-
ity in the all-damaged Homalite is seen to be the same as the velocity in the
‘T-” direction on the interface between Homalite and damaged Homalite (also
at 12 MPa). This is the expected result based on our hypothesis that the
compressional side of the rupture doesnt see the damage.

[5] extended this work by measuring rupture velocities on the interface be-
tween damaged Homalite and undamaged polycarbonate (which has a slightly
lower shear wave speed than does damaged Homalite). However, for com-
parison, they first measured the velocity of ruptures on the interface between



undamaged Homalite and undamaged polycarbonate.

experiment are shown in
Figure 6 where four frames
of the high-speed sequence
(taken at the times indi-
cated) are shown in the
upper panel and the ve-
locities are shown in the
lower panel. Note that
left rupture propagating in
the ‘+’ direction transitions
to supershear velocities ap-
proaching Pf.s while the
right rupture propagating in
the ‘-’ direction approaches
Pyow. This bimaterial sys-
tem was explored in more
detail by [12], although they
never observed supershear in
both directions probably be-
cause the propagation dis-
tance to the supershear tran-
sition in their experiments
was longer that the radius
of the observable circle due
to their rougher sliding sur-
faces (see [15] for a discus-
sion of the supershear tran-
sition length).

Since undamaged polycar-
bonate has a lower elas-
tic stiffness than does dam
aged Homalite, propagation
directions in these experi-
ments are ‘T+" to the left
and ‘C-" to the right. Note
that in the T-direction the
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Figure 6: Dynamic rupture on the inter-
face between damaged Homalite and un-
damaged polycarbonate plates. The up-
per four panels show frames at the times
indicated selected from the sequence of
high-speed photographs. The lower panel
shows the instantaneous velocity of the
rupture tips as a function of time. Note
that the left tip propagating in the ‘C-
> direction transitions to supershear but
that rupture propagation in the ‘T+’ di-
rection does not transition to supershear,
presumably due to energy loss on the off-
fault damage activated by the tensile lobe
of the stress field [from 5].

rupture velocity approaches the generalized Rayleigh speed while in the C+
direction it slowly increase toward Py, the P wave speed in polycarbonate.
The full set of rupture velocities measured by [5] on interfaces between dam-
aged Homalite and polycarbonate are summarized in Figure 7 where they are
compared with the measured velocity of ruptures at the same loads on the
interface between undamaged Homalite and polycarbonate. As in the previ-
ous case of Homalite in contact with damaged Homalite, ruptures in the ‘C’



direction are only slightly affected by the damage. Like rupture velocities in
the undamaged system, they appear to be increasing toward Py, but only at
higher loads. Ruptures in the ‘T’ direction are more severely affected by the
damage. The transition to supershear, which takes place in the undamaged
system, is suppressed in the damaged system where ruptures propagated at
the generalized Rayleigh speed for applied loads up to 15 MPa.

5 Modeling Off-fault Damage During Dynamic
Rupture Propagation

In order to include the effects of off-fault damage in a numerical dynamic rup-
ture mode in a physically sound way, there are three requirements. The model
should allow for accumula- oF o ‘,",',. (=Biw) e
tion of permanent deforma- [~ "\"""""TTTTTTTTTTTTTTOOC el o
tion. This seems logical as
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the elastic moduli of solids.
The change in the elastic
moduli will depend on the
amount of slip or opening
on the micro-cracks which in
turn depends on the state
of stress in the medium.
The model should thus al-
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Figure 7: Summary of experimental re-
sults comparing rupture velocity in dam-
aged and undamaged bimaterial plates.
Note that the off-fault damage has little
effect on ruptures traveling in the C- di-
rection but a large effect on those propa-
gating in the T+ direction. Bimaterial
ruptures having the tensile lobe in the

low for dynamic change in damage did not transition to supershear

elastic modulus with chang- [from 5].
ing stress and strain. The model also requires a physical criterion for creation
of fresh micro-cracks and/or extension of pre-existing ones.

The key to modeling the interaction between off-fault damage and a dynamic
rupture lies in properly accounting for energy dissipation in the medium, and
this requires a physical model for the micro-cracks in the constitutive descrip-
tion. Extensive work in this area is available in the engineering literature [e.g.
16, 17, 18, 19, 20] but the constitutive descriptions are problem-specific since
approximations are required if the model is to be computationally tractable.
For dynamic earthquake problems the constitutive model can ignore large
strains and rotations in the medium but cannot ignore the generation and ex-
tension of fracture damage. Also proper modeling of frictional dissipation on



the micro-cracks will be required as lab studies by [3, 4] have found this to
be an important source of off-fault energy dissipation.

The earliest attempt to address off-fault energy dissipation was [21] who, using
the self-consistent scheme of [22], derived macroscopic stress strain relations
for an elastic solid with non-interacting cracks (straight in 2D or circular in
3D) oriented perpendicular to either maximum tension axis or maximum com-
pression axis. In addition to the modified Lam elastic constants an additional
parameter, directly related to crack density, was introduced that accounted for
non-linear behavior at even small strains (less that 0.1%). [23] subsequently
introduced kinematic aspects of the damage rheology by introducing a scalar
damage state variable based on thermodynamic arguments. The evolution of
this damage state variable depends on the elastic strain energy density. A key
feature of this model is the incorporation of logarithmic healing making it a
good candidate for modeling fault structure evolution over a large number of
seismic cycles.

More recently, [24], building upon [25], developed a damage mechanics model
that is ideal for dynamic rupture propagation problems. [25] studied the onset
of failure in damaged rocks by evaluating the state of stress in rock where
damage was modeled as a distribution of interacting cracks (straight in 2D
or circular in 3D) having tensile wing cracks emanating from their ends. [24]
expanded this model for more general states of stress, assuming that the third
stress invariant, .J3, is zero, and added a time dependent law for the growth of
the wing cracks. Their model explicitly addresses three stress regimes under
which a damaged elastic solid may operate:

Regime I: In this regime the initial cracks are shut and stresses on them are
below the Coulomb slip criterion. Hence they have no influence on the elastic
moduli of the solid and the elastic strain energy density is given by

1 |2 3(1—2v)
W=W,=-— |-0?+ " —"Lo> 1

CTaG (3% Ty Om @
where v is the Poisson ration of he undamaged elastic solid, o, = v/3/2(03 —
01),0m = (01 + 03)/2 and 03 > 03 > 07 are the principal stresses.

Regime II: Sliding on the initial flaws leads to tension on the wing cracks. The
elastic strain energy density is given by (assuming that the length of the wing
crack [ is small compared to the main crack size a)

7TDO

@%H?EM%+BM2 (2)

W =W, +

where GG is the shear modulus of the undamaged solid and o = cos ¥. Only
the most damaging cracks are considered and hence ¥ = 45°. A and B depend
on the geometry of the crack, the co-efficient of friction needed to overcome



sliding, and a non-dimensional measure of damage, D/Dy. Dy is the initial
damage in the material and D is the current damage; they are defined as:

Dy = Sr(aa)’f ; D= (i +aa)’f (3)

where f is the crack density defined as number of cracks per unit volume. In
its current form the model does not account for frictional dissipation but this
is easily rectified if the co-efficient of friction is treated as a state variable along
with damage parameter D and is allowed to evolve with slip or slip rate. We
are in the process of incorporating that mechanism into the model. The wing
cracks are allowed to grow according to a growth law that is modeled on stress
corrosion mechanism. Thus

[ = min [lo(K;/Kic)™ c.] ;10 <m < 20 (4)

where K¢ is the critical stress intensity factor for Mode-I fractures (for rocks
Kic = IMPa-m'/2), K is the Mode-I stress intensity factor at the tip of the
wing crack and ¢, is the shear wave speed of the medium. Since D depends
on [ we have a mechanism for damage evolution that sees damage evolution
as the growth of wing cracks.

Regime III: In this regime there is loss of contact on the initial cracks and the
damaged elastic solid is modeled as a Budiansky-OConnell solid as in [21]. In

this case
7TD()

403G(1 4+ v)
where C' and E are related to A and B above by ensuring continuity of elastic
strains as one transitions between regimes II and I11. Thus

W =W, + [C’Qafn + D%o? (5)

D 1/3 ) BQCQ
C=At~ oz<D0> Ry (6)

where v = 2.0 is a crack shape factor. The corresponding elastic strains are

then obtained from W as
ow

The model is now complete except for parameterizing the transition between
regimes. To that end define triaxiality, A\ = o0,,/0¢. In regime I, A < —B/A.
Transition from regime IT to III occurs when A = AB/(C? — A?).

6 Results

We used the above constitutive description to simulate rupture on a planar
interface between intact elastic solid and damaged elastic solid. The calcula-
tions were done under 2D plane strain conditions for rock-like materials. The
material properties used are described in Figure 8. Rupture was nucleated at



the interface by dropping the static and dynamic co-efficient of friction along a
finite part of the interface whose length was 10% greater than a critical crack
length required for the onset of dynamic rupture instability.

Broadly speaking, the results are in agreement with the experimental observa-
tions. However, several key issues need to be addressed. Firstly, the interface
is locally bounding bi-material solids and hence the question of ill-posedness
(Ranjith and Rice, 2001) needs to be explored. Secondly, the damage mechan-
ics does not yet have any frictional dissipation. We suspect that the damage
effects will be even
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a rupture and the damaged elastic solid should change dramatically when a
pulse-like rupture propagates along the interface.

7 Discussion

An asymmetric distribution of off-fault damage in a fault zone has been shown
to produce strongly directional propagation on the fault plane. The physical
source of this directionality is hypothesized to be the interaction between the
crack-tip stress field and the off-fault fractures. Ruptures travel more slowly in
the ‘T’ direction for which the tensile lobe of the stress concentration travels
through the damage. By comparison, ruptures that travel in the ‘C” direction
for which the compressive lobe in the damage propagate as if there were no
off-fault damage. Our physical interpretation is that crack-tip compression
immobilizes off-fault cracks while crack tip tension enhances frictional slip.
It is surprising that the directionality observed in laboratory experiments is
so strong (see summaries in Figures 5 and 7), especially since there was no
evidence that new damage was created. Stress concentrations at the rupture
front of real earthquakes were estimated by [26] to be capable of generating
new damage to distances of meters from the fault plane. The generation of
new damage is expected to make directional propagation even stronger.



The [26] dynamic slip pulse model provides guidance as to how the interaction
between the rupture front and off-fault damage scales from the laboratory
experiments discussed here and real earthquakes. The spatial extent of the
interaction is quantitatively related to the ratio of the rupture velocity to the
shear wave speed, the orientation of the remote “tectonic” stress field relative
to the fault plane, the dynamic stress drop, and the slip weakening distance (or,
equivalently, the fracture energy). These scaling relations have been validated,
to first order, by the experiments in photoelastic plates discussed here.
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