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[1] 1 present a rigorous unifying interpretation of the well-documented widespread near-surface and fault
zone damage induced by earthquakes by simulating three-dimensional dynamic rupture propagation on a
vertical strike-slip fault. Stresses in the crust are depth-dependent and material response is governed by the
Drucker-Prager yield criterion. I show that material yielding induced by seismic waves under the low
confining pressure causes widespread near-surface damage. Because the confining pressure increases with
depth, the yielding zone at depth is narrowly confined near the fault, but its thickness broadens
dramatically near the surface, forming a “flower-like” damage zone. The fault zone damage at depth is
induced by large dynamic stresses associated with the rupture front, while is induced by strong seismic
waves ahead of the rupture front near the Earth’s surface. These results have important implications for the
formation and evolution of fault zones and possibly for the dynamic triggering of earthquakes as well.

Components: 4448 words, 6 figures.
Keywords: near-surface damage; fault zone damage; dynamic rupture.

Index Terms: 7209 Seismology: Earthquake dynamics (1242); 7215 Seismology: Earthquake source observations (1240);
7260 Seismology: Theory.

Received 5 September 2008; Revised 23 September 2008; Accepted 1 October 2008; Published 22 November 2008.

Ma, S. (2008), A physical model for widespread near-surface and fault zone damage induced by earthquakes, Geochem.
Geophys. Geosyst., 9, Q11009, doi:10.1029/2008GC002231.

1. Introduction 2008; Peng et al., 2003; Ben-Zion et al., 2003;
Peng and Ben-Zion, 2006] and geodetic [Fialko et

[2] Seismic observations indicate that material ve- @/, 2002] observations, in which the velocity drops

locities at shallow depths decrease over a large area  further after large earthquakes.

after large earthquakes [P. oupinet et al., 1984; 5] Dynamic stresses carried by seismic waves in

Dodge and Beroza, 1997; Schaff and Beroza, e near surface [Poupinet et al., 1984; Dodge and

20(,)4; Rubinstein and Beroza, 2004, 2005; Rubin- Beroza, 1997; Schaff and Beroza, 2004; Rubinstein
stein et al., 2007; Wegler and Sens-Schronfelder, ;4 Beroza, 2004, 2005; Rubinstein et al., 2007] or

2007]. The reductions are widespread and occur at accompanying rupture in the fault zone [Li ef al.,

distances of up to several source dimensions. A 1990. 1998: Vidale and Li. 2003: Li and Malin
persistent low-velocity fault zone has also been  5(g. Peng’ of al.. 2003: Ben-Zion et al.. 2003-

documented exteqsively frorp seismic. [e.g., Li et Peng and Ben-Zion, 2006] are thought to create
al., 1990, 1998; Vidale and Li, 2003; Li and Malin,  eqe velocity reductions by causing material dam-
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age. However, a rigorous physical interpretation as
to why modest dynamic stresses can cause wide-
spread near-surface damage, and why fault damage
zones form, is lacking.

[4] Inelastic material response immediately adja-
cent to the fault provides a natural way to under-
stand the fault zone damage induced by
earthquakes. Although it has long been recognized
that material can behave inelastically in response to
strong shaking [e.g., Kramer, 1996], it was only
recently that seismologists began to consider the
inelastic material response off the fault and its
importance to dynamic earthquake simulations
[Yamashita, 2000; Dalguer et al., 2003a; 2003b;
Andrews, 2005; Ben-Zion and Shi, 2005; Ando and
Yamashita, 2007; Andrews et al., 2007; Duan,
2008a, 2008b; Templeton and Rice, 2008; Viesca
et al., 2008]. Here I construct what is, to my
knowledge, the first three-dimensional (3-D) nu-
merical simulation of dynamic rupture process
incorporating a yield criterion in the volume. I
show that the 3-D nature of the fault, along with
depth-dependent stress conditions in the crust,
gives rise not only to the commonly observed
“flower-like” damage zone near the fault [e.g.,
Ben-Zion et al., 2003; Rockwell and Ben-Zion,
2007] but also to the widespread near-surface
damage due to seismic waves.

2. Model

[5] Iconsider a vertical right-lateral strike-slip fault
in a homogeneous half-space (Figure la). The
material properties are 6000 m/s (P wave speed),
3464 m/s (S wave speed), and 2670 kg/m> (densi-
ty). The fault extends 15 km vertically, and the
hypocenter is 7.5 km deep. The fault is assumed
sufficiently long such that the simulated rupture
never reaches the fault edges along strike. The
normal stresses in the medium are set to the
lithostatic overburden minus the hydrostatic pore
pressure, i.e., oy = 0,, =0.. = —16.37 MPa/km
(stresses are positive in tension), and the shear
stresses are chosen o0,, = —6.55 MPa/km and o,. =
oy, = 0, such that the ratio of initial shear stress and
normal stress on the fault is 0.4. I rupture the fault
dynamically using a widely used slip-weakening
friction law [/da, 1972] to describe the evolution of
the shear stress on fault with slip, assuming the
static and dynamic frictional coefficient, and the
critical slip-weakening distance on the fault to be
0.6, 0.3, and 0.4 m, respectively. The stress con-
ditions on the fault are illustrated in Figure 1b. The
dynamic stress drop (initial shear stress minus the

dynamic frictional stress) without normal stress
change on the fault increases linearly with depth.
I taper the dynamic frictional stress at 12—15 km
depth to avoid an artificial, abrupt stopping of the
rupture.

[¢6] In the simulation, I allow yielding to occur
whenever the stress state violates a pressure-
dependent Drucker-Prager yield criterion
[Drucker and Prager, 1952], which states

Ty = 1/ O.SSl'jSij,

T = —ow /3 sin¢ + ccos ¢, and (1)
T < T,

where 7, is a measure of the shear stress in the 3-D
stress state, s; is the deviatoric stress, c is the
cohesion, ¢ is the internal frictional angle, 7 is the
yield stress, and the summation over repeated
indices is assumed. This yield criterion is a
smoother version of the Mohr—Coulomb yield
criterion and has the important property that the
yield stress 7}, depends on the mean normal stress
ow/3, which has long been recognized as an
inherent property of rocks and soils.

[7] T define a scalar quantity n to evaluate the
accumulated material damage due to the plastic
yielding, which is given by

n(t) = Jy dn,
de? de? (2)
dn = \/0.5 (e — x5, ) (e - “225) |

where def; is the plastic strain increment at
one time step. The damage 7 is identical to
the scalar magnitude of plastic strain

- p_fg V(o2 — kg ). | :
e’ =/05(g; ij )\ &; — 556 ). if plastic

3

strain components have constant ratios as they
change with time, which is not the case near the
Earth’s surface. The quantity 7 is a better measure
of the material damage due to yielding than the
plastic strain ¢’ because it does not decrease with
time. For simplicity, the material is assumed
cohesionless and tan ¢ = 0.75, which is larger
than the static frictional coefficient (0.6) so that the
fault represents a plane of weakness.

[s] Both the dynamic rupture propagation and the
wave propagation are modeled using a finite ele-
ment approach [Ma and Liu, 2006; Ma et al.,
2008], which has tremendous computational bene-
fits in handling nonlinear material constitutive
laws. A 50 km x 60 km x 25 km domain is
discretized with a uniform grid of 50 m eight-node
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Figure 1. (a) Schematic of a vertical right-lateral strike-slip fault in a homogeneous half-space. Arrows show the
three principal stresses for a strike-slip faulting environment. In the simulation, the chosen stress state implies that the
most compressive principle stress o is 45° with respect to the fault. The coordinate system is shown on the lower left
(the x and y axes are normal and parallel to the fault, respectively, and the z axis is vertical). (b) The depth-dependent
stresses on the fault: normal stress o, (gray solid line), shear stress o,,, (black solid line), shear strength (dashed line),
and dynamic frictional stress (dotted line). A linear taper is used for the dynamic frictional stress between 12 km and

15 km to avoid abrupt stopping of rupture at depth.

cubic elements, resulting in 600 million elements.
An absorbing boundary condition is applied on all
the boundaries except the free surface, in order to
minimize spurious wave reflections. The time step
is 0.008 s. The implementation of the plastic
yielding in 3-D is a straightforward extension of
the scheme of Andrews [2005], assuming no plastic
volumetric deformation. Note that this implies
def = 0 in equation (2).

[v] The rupture is nucleated by forcing it to prop-
agate at 2000 m/s until the rupture propagation
becomes self-sustaining, which happens after about
2 s (Figure 2). The slip velocity is higher at depth
than near the surface due to the linearly increasing
dynamic stress drop with depth. Damage off the
fault is clearly seen starting at about 1.2 s on
the extensional side of the fault; however, when
the rupture approaches the surface, the damage
extends to the compressional side as well. The
asymmetry in damage distribution across the fault
induces normal stress changes on the fault
[Andrews, 2005].

[10] Slices of accumulated damage distribution at
different depths at 6 s are shown in Figures 3a—3f.
The distributions are all antisymmetric with respect
to the center of the fault. At depths (1.025-
7.525 km), the damage distribution has a triangular
shape, which is similar to results in two dimensions

[e.g., Andrews, 2005]. The damage only occurs in
the extensional side of the fault because of the
decrease in the mean normal stress amplitude by
the rupture front. Near the hypocentral depth the
damage extends only about 350 m wide (Figure 3f).
However, the width increases as it nears the surface.
At 0.525 km depth, the damage starts to extend into
the compressional side of the fault. At 25 m depth
(the shallowest depth where the damage is defined
in the model), the damage spreads over nearly a
1600 km? area surrounding the fault, which would
be manifest in the Earth as widespread seismic
wave velocity reductions [Poupinet et al., 1984;
Dodge and Beroza, 1997; Schaff and Beroza, 2004;
Rubinstein and Beroza,2004,2005; Rubinsteinetal.,
2007; Wegler and Sens-Schronfelder, 2007]. The
strong asymmetry of damage zone at depth is also
consistent with the observation in the Parkfield sec-
tion of the San Andreas fault using fault zone trapped
waves [Li et al., 2006, 2007].

[11] Cross sections of the damage distribution
clearly illustrate its depth dependence. The fault
damage zone broadens dramatically as it approaches
the surface. Such distributions resemble the
“flower-like” fault zone structures inferred from
seismic [e.g., Ben-Zion et al., 2003] and geologic
[e.g., Sylvester, 1988; Rockwell and Ben-Zion,
2007] studies of fault zones. Near the centerline
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Figure 2. Snapshots of slip velocity, shear stress and normal stress variations of the dynamic rupture are mapped on
the fault. Snapshots of the damage 7 (see definition in equation (2)) on a parallel plane 25 m off the fault are also
mapped. Both the slip velocity and shear stress are along-strike component. The extensional side of the fault
corresponds to negative distances along strike. The rupture is nucleated by forcing it to propagate radially at 2000 m/s
starting from the hypocenter (7.5 km deep), and then starts to propagate spontaneously at a higher velocity after ~2 s.
The larger slip velocity at depth is due to the linearly increasing stress drop with depth prescribed in the model. The
damage only occurs in the extensional side of the fault at depth, but extends to the compressional side of the fault near
the surface. The asymmetry of the damage across the fault causes the normal stress variation on the fault.

of the fault (Figure 3g), a nearly symmetric
distribution of damage is seen across the fault.
As the distance to the centerline increases, dam-
age occurs mostly on the extensional side of the
fault (Figures 3h—3m). The damage on the com-
pressional side occurs only very near the surface
(upper 1 km). Damage shown in Figures 3n—3p is
entirely caused by the seismic waves radiated
from the fault ahead of the rupture front. The

damage zone at depth is narrowly confined near
the fault due to the large confining pressure
(Figure S1).!

[12] Time histories at three representative sites at
25 m depth (half element size below the surface)
illustrate why and when the damage occurs

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GC002231.
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Figure 3. Distribution of damage 7 (see definition in equation (2)) at 6 s (a—f) at depths and at (g—p) cross sections
perpendicular to the fault. Note that the scale is logarithmic. The depth or the distance along strike for each cross
section is shown in each figure. The triangular shape of damage at depths is very similar to results in two dimensions.
Owing to the high confining pressure, the damage occurs only on the extensional side of the fault at depth. However,
at shallow depth, the damage occurs on both sides of the fault because of the small confining pressure. The damage at
0.025 km depth spreads over a very large area, corresponding to the widespread seismic wave velocity reductions.
The thickness of damage zone broadens dramatically as it nears the surface, which gives rise to a “flower-like”
damage zone near the fault. The dots denote eight sites where the time histories are plotted in Figures 4—5. Locations
of the sites are site 1 (0.025, 15.025, —0.025); site 2 (8.025, 15.025, —0.025); site 3 (8.025, —15.025, —0.025); site 4
(0.025, 0.025, —0.025); site 5 (8.025, 0.025, —0.025); site 6 (8.025, —0.025, —0.025); site 7 (8.025, 0.025, —1.025);
site 8 (8.025, —0.025, —1.025), where each number in the bracket denotes the distance along strike from the epicenter
and perpendicular to strike and depth, respectively, and the unit is in kilometers.

(Figure 4). At this depth, the mean normal stress is ~ only SH waves and almost no change in the mean
0.4 MPa, and equation (1) predicts that the yield  normal stress are expected. The damage at this site
stress is only ~0.25 MPa when the cohesion is  is clearly induced by the amplitude increase of
zero. All 3 sites are located 15.025 km off the fault.  shear stress s,, corresponding to arrivals of SH
Site 1 is 25 m off the antiplane direction, where =~ waves from the fault. Sites 2 and 3 are located
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where combined effects of P and S waves cause the
mean normal stress change. Again it is seen that
due to the low confining pressure, the arrival of
strong seismic waves causes the occurrence of
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S w
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damage, which is delayed at site 2 (compressional
regime) relative to site 3 (the extensional regime).

[13] Time histories at sites 4—8 show the behavior
at distances very close to the fault (Figure 5). All
the sites are 25 m off the fault. At site 4 (25 m off
the antiplane direction), the shear stress s,, first
decreases its amplitude and the damage occurs
when its amplitude increases in the opposite direc-
tion (2.44 s), well ahead of the arrival of the
rupture front (3.13 s). After the rupture front
passes, damage increases further, but there is little
change in the mean normal stress. Sites 5 and 6 are
8.025 km along strike. Because they are only 25 m
off the fault, large SH waves are expected. The
occurrence of damage again coincides with the
arrival of SH waves well ahead of the rupture
front. At these two sites, the damage occurs simul-
taneously (induced by the same SH waves); but the
amplitude of damage at site 5 (the compressional
regime) is smaller than site 6 (the extensional
regime), as a result of the differences in the
rupture-induced mean normal stress changes on
the different sides of the fault. At slightly greater
depths (sites 7 and 8), it is a different story,
however, because the slightly higher confining
pressure allows damage induced by the rupture
front in the extensional regime only.

3. Discussion and Conclusions

[14] Dynamic stresses associated with the seismic
waves or the rupture front play the key role in
plastic yielding of the material in the model. The
correlation of the damage at 25 m depth with the
peak ground velocity (Figure 6) supports this point.
It is also consistent with the observation that main
shock-induced velocity reductions are most

Figure 4. Plots of time histories of deviatoric stresses,
the shear stress 7, and yield stress 7, (see definition in
equation (1)), and damage 1 (see definition in equation
(2)) at 3 sites (locations shown in Figure 3). The legend
for the deviatoric stresses is shown at the bottom. The
yield stress 7, given by the yield criterion is
proportional to the mean normal stress. Site 1 is located
near the antiplane direction, where there is little mean
normal stress variation. Sites 2 and 3 are located in the
compressional and extensional sides of the fault,
respectively. The dashed line marks the initiation of
the damage, which is induced by the dynamic stress
carried by seismic waves under the low confining
pressure. Sometimes the stress 7, exceeds the yield
stress 7,7, which is due to the viscoplasticity relaxation
scheme [Andrews, 2005] used to relax the stresses
smoothly back to the yield surface.
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Figure 5. Similar to Figure 4 except for sites 4—8. Time histories of shear stress 75" and slip velocity dv

(along-strike component) at the nearest point on the fault to each site are also plotted. The dashed line marks the
initiation of the damage or the slip. At 25 km depth (sites 4—6) the damage is induced by seismic waves ahead of the
rupture front. See text for details. At 1.025 km depth (sites 7 and 8), the damage is induced by the dynamic stress
carried by the rupture front in the extensional side of the fault only, while there is no damage on the compressional
side of the fault. The differences are due to the higher confining pressure at depth.

strongly correlated with peak ground velocity [e.g.,  [15] This simple physical model provides a unify-
Dodge and Beroza, 1997; Schaff and Beroza, 2004;  ing physical interpretation of the widespread near-
Rubinstein and Beroza, 2004, 2005; Rubinstein et  surface damage and the flower-like fault damage
al., 2007]. zone at shallow depths and also predicts that the
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Figure 6. Plot of damage (see definition in equation (2)) as a function of peak ground velocity (PGV) for the points
at 25 m depth (the shallowest depth where the damage ¢ is defined) in the simulation. The points are sampled every
1 km over the area (40 km x 50 km) shown in Figure 3a with points within 1 km of the fault or of the damage
amplitude smaller than 10~° removed. The PGV is chosen as the larger of the two horizontal velocity components’
amplitude because the vertical velocity amplitude is much smaller. The data are fit by a linear relation (solid line). The

damage clearly increases with the PGV in the simulation.

damage at depths is narrowly confined near the
fault.

[16] Although pore fluids and material heterogene-
ity in the crust might also play a role in the
distribution of near-surface and fault zone damage,
this simple physical model demonstrates an impor-
tant effect caused by the overburden pressure. The
zero cohesion assumed in the simulation is clearly
an end-member case. The cohesion will certainly
limit the spatial extent of the damage to a certain
degree; however, the pattern of the damage distri-
bution is not likely to change as the yielding occurs
more easily near the surface due to a smaller
overburden pressure. This point, however, will
need to be confirmed by future studies.

[17] The damage pattern reported here is due to a
single seismic event. Repeated damage during the
many seismic events that occur over geologic time
contributes to the formation and evolution of fault
zone structures [Sylvester, 1988; Ben-Zion and
Sammis, 2003]. Shaking-induced damage may also
play an important role in the dynamic triggering of
earthquakes [Johnson and Jia, 2005].
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Erratum

The originally published version of this article contained typographical errors. The term "yielding" should be
changed to "yield" in the following locations: in the second sentence of paragraph [1]; in the third sentence of
paragraph [4]; in both the first and second sentences of paragraph [6]; and in the third sentence of the caption to
Figure 4. In addition, % was omitted from Equation 2 and the inline equation in paragraph [7]. These errors have
been corrected, and this may be considered the authoritative version of record.
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