Bulletin of the Seismological Society of America, Vol. 100, No. 4, pp. 1485-1497, August 2010, doi: 10.1785/0120090121

Dynamic Rupture through a Branched Fault Configuration at Yucca

Mountain, and Resulting Ground Motions

by Elizabeth L. Templeton,” Harsha S. Bhat, Renata Dmowska, and James R. Rice

Abstract We seek to characterize the likelihood of multiple fault activation along a
branched normal-fault system during earthquake rupture using dynamic finite element
analyses. This is motivated by the normal faults in the vicinity of Yucca Mountain,
Nevada, a potential site for a high-level radioactive waste repository. The Solitario
Canyon fault (SCF), a north—south trending fault located approximately 1 km west
of the crest of Yucca Mountain, is the most active of these faults. Based on the results
of previous branching work by Kame er al. (2003), branch activation in the hanging
wall of a normal fault such as the SCF may be possible for fast ruptures propagating
near the Rayleigh-wave speed at the branch junction. Dynamic branch activation
along a splay of the SCF during a seismic event could have important effects on
the rupture velocity and resulting ground motions at the proposed repository site.
We consider elastic as well as a pressure-dependent elastic—plastic response of the
off-fault material. We find that based on the regional stress state in the area, the only
likely candidates for branch activation in the hanging wall of the SCF are more steeply
westward dipping intrablock splay faults. We also find that the rupture velocity for an
earthquake propagating updip along the SCF must reach supershear speeds in order for
dynamic branch activation to occur. Branch activation can have significant effects on
the ground motions at the proposed repository site, 1 km away from the SCF beneath
the crest of Yucca Mountain, causing the repository site to experience a second peak in
large vertical particle velocities. Elastic—plastic response near the branch junction
reduces peak ground velocities and accelerations at the proposed repository site.

Introduction

We seek to characterize the likelihood of multiple fault
activation along a branched normal-fault system during
earthquake rupture using dynamic finite element analyses.
This is motivated by the normal faults in the vicinity of Yucca
Mountain, Nevada. Yucca Mountain is located along the
western boundary of the Nevada Test site at approximate co-
ordinates of 36°50' N, 116°28' W (Fig. 1) and has been iden-
tified as a potential site for a high-level radioactive waste
repository. The topography of the Yucca Mountain area is
formed by block-bounding normal faults, such as the Soli-
tario Canyon fault (SCF) (Potter et al., 1999, 2004). Those
faults experienced hundreds of meters of Neogene normal-
sense displacement (Scott and Bonk, 1984; O’Neill et al.,
1992; Dickerson and Spengler, 1994; Simonds et al.,
1995; Day, Dickerson, et al., 1998; Day, Potter, et al.,
1998) and small amounts of Quaternary offsets (Simonds
et al., 1995). The SCF is the most active of these faults
and formed the west-facing scarp of Yucca Mountain (Stepp
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et al., 2001). Dynamic branch activation along a splay of the
SCF during a seismic event could have important effects
on the rupture velocity and resulting ground motions at
the proposed repository site.

The criteria for dynamic branch activation in natural
fault systems have been extensively studied (Poliakov er al.,
2002; Kame et al., 2003; Oglesby et al., 2003; Bhat et al.,
2004; Oglesby et al., 2004, Bhat et al., 2007; Duan and
Oglesby, 2007). Poliakov er al. (2002) identified locations
of possible branch activation by investigating the dynamic
stress field surrounding a rapidly propagating semi-infinite
nonsingular mode II distance-weakening shear rupture in
an elastic material. They suggested that the prestress state
and rupture velocity control the location of zones where
the crack-tip stress field could violate a Mohr—Coulomb
(MC) failure criterion and potentially nucleate rupture along
a preexisting branch. Kame et al. (2003), Bhat et al. (2004),
and Fliss et al. (2005) extended the work of Poliakov et al.
(2002) by including preexisting branch faults to investigate,
in the framework of slip-weakening modeling of sponta-
neous rupture, how rupture velocity, prestress state, and
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Figure 1.  Faults in the vicinity of Yucca Mountain mapped by Potter ef al. (2004). The color version of this figure is available only in the

electronic edition.

angle of the preexisiting branch control dynamic branch
activation. Those studies focused on explaining branch acti-
vation during recent large earthquakes such as the 1992
Landers earthquake (Fliss et al., 2005), the 2002 Denali
earthquake (Bhat er al., 2004), the 1971 San Fernando,
the 1985 Kettleman Hills, and the 1979 Imperial Valley

earthquakes (Kame er al., 2003). The numerical studies
can be used to make predictions about dynamic path selec-
tion of rupture propagation for frictional slip-weakening rup-
ture based on fault geometry and prestress state for a range of
potential rupture speeds. Multicycle simulations of dynamic
branch activation performed by Duan and Oglesby (2007)
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showed that highly nonuniform stress will develop in the
vicinity of the branch junction and can have strong effects
on branching behavior. Based on the results of Kame et al.
(2003), branch activation in the hanging wall of a normal
fault, such as the SCF, may be possible for fast ruptures
propagating near the Rayleigh-wave speed at the branch
junction.

Andrews et al. (2007) explored limits on ground mo-
tions that can be produced at the repository site by investi-
gating dynamic rupture scenarios along the SCF. The authors
considered the stress available at seismogenic depths in the
crust, MC yield strength of the rocks, and the maximum
ground motion consistent with observations of historical
fault slip at the surface. By including MC yielding Andrews
et al. (2007) were able to limit the horizontal peak ground
velocity (PGV) to a value less than the probabilistic seismic
hazard assessment (PSHA) prediction for PGV at low prob-
abilities of exceedance by Stepp et al. (2001). The physical
limit for vertical ground motions found by Andrews et al.
(2007) was larger than the PSHA prediction for very low
probabilities due to supershear rupture along the SCF. How-
ever, currently there are no observations of supershear rup-
ture during normal-faulting earthquakes.

We use dynamic finite element analyses to build on the
work of Kame et al. (2003) and Bhat ez al. (2004, 2007) on the
factors controlling branch fault activation to determine
whether branch activation is likely for the fault geometry
and stresses in the faults in the vicinity of Yucca Mountain.
Recent studies by Andrews (2005), Ben-Zion and Shi
(2005), and Templeton and Rice (2008) have shown that
the stresses produced during dynamic rupture can violate
an MC or Drucker—Prager (DP) yield criterion and that the
energy dissipated off-fault by inelastic deformation can slow
rupture propagation and potentially limit ground motions.
Following those and the work of Andrews et al. (2007),
who included MC yielding in studies of dynamic rupture along
the SCF, we include a yield criterion for elastic—plastic defor-
mation in our investigation of branch activation at the SCF.

First, we perform simulations with constant prestress
state like those of Kame ez al. (2003) to characterize branch
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fault activation for sub-Rayleigh and supershear rupture for a
range of branch angles consistent with normal-fault splays in
the vicinity of Yucca Mountain for both elastic and elastic—
plastic off-fault material response. Based on those results, we
choose several successful constant prestress branch activa-
tion cases to model in detail including depth-dependent stres-
ses and surface effects, as well as inelastic off-fault response.
For those scenarios we provide ground motions at the repos-
itory site. The results show the branch activation is unlikely
for sub-Rayleigh rupture along the SCF but possible for
supershear rupture at the branch junction. The horizontal and
vertical PGVs and peak ground accelerations at the repository
site are decreased by off-fault inelastic energy dissipation.

Geologic Setting and Fault Geometry at Yucca
Mountain, Nevada

Potter et al. (2004) describe the geometry of the Yucca
Mountain region as consisting of (1) block-bounding normal
faults, spaced 1-4 km apart; (2) northwest-striking relay
faults linking displacement between the block-bounding
faults; (3) discontinuous intrablock faults; and (4) meso-
scopic fracture network. The major block-bounding faults,
which include the SCF, Windy Wash fault, and Fatigue Wash
fault, were active at Yucca Mountain during and after erup-
tion of the 12.8-12.7 Ma Paintbrush group. Potter et al.
(1999, 2004) map and provide cross-sectional interpretations
of the faults in the area surrounding Yucca Mountain, as
shown here in Figures 1 and 2. The cross section across
BB’ shows that the SCF is bordered on the west by a series
of more steeply westward dipping normal faults. Figure 3
shows an alternative cross-sectional interpretation proposed
by Brocher et al. (1998) based on seismic reflection studies
of the area. Brocher et al. (1998) suggest that the SCF is the
last westward dipping fault and is bordered to the west by
normal faults conjugate to the SCF dipping to the east
bounded by Bare Mountain.

The two different cross-sectional maps by Potter et al.
(2004) and Brocher et al. (1998) suggest two different
branch fault scenarios. West-dipping strata forming coherent
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Cross-sectional view of faults in the vicinity of Yucca Mountain showing steeply westward dipping normal faults west of the

SCF (Potter et al., 2004). The color version of this figure is available only in the electronic edition.
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Figure 3.  (a) Map showing relation of seismic lines 2 and 3 to Yucca Mountain from Brocher et al. (1998). (b) Cross-sectional view of

faults in the vicinity of Yucca Mountain showing eastward dipping normal faults west of the SCF by Brocher ez al. (1998) based on their

interpretation of seismic lines 2 and 3.

structural panels were observed by Scott and Bonk (1984),
Scott and Wernicke (1990), and Potter et al. (1999, 2004) in
the hanging walls of the SCF, a block-bounding fault,
bounded on its western side by steeply dipping faults that
splay off of it at depth. The Boomerang fault, a westward
dipping fault west of the SCF, is one of the larger intrablock
normal faults in the vicinity of Yucca Mountain. The intra-
block faults, mapped by Day, Dickerson, et al. (1998), Day,
Potter, et al. (1998), and Scott and Bonk (1984) display tens
of meters of west side down displacement, in contrast to the
major block-bounding faults that display hundreds of meters

of displacement. Based on surface dips, the Boomerang fault
could intersect the SCF at a depth of 3 km with a branch angle
of approximately 20°. The Windy Wash fault as interpreted
by Brocher et al. (1998) is an eastward dipping normal fault
conjugate to the SCF. According to that interpretation, the
Windy Wash fault would intersect the SCF at approximately
3 km with a branch angle of 60°.

The stress magnitudes and orientation at the Nevada Test
site have been extensively studied and are summarized by
Carr (1974) and Zoback abd Zoback (1980). The stresses
within the site are consistent with normal and strike-slip
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faulting, with the least principal stress direction varying from
northwest to west-northwest. The stresses at Yucca Mountain
were measured with a series of hydraulic fracturing stress
measurements and acoustic borehole televiewer measure-
ments in two wells at Yucca Mountain by Stock et al
(1985). The hydraulic fracturing study by Stock et al
(1985) indicates that both the least and greatest horizontal
principal stresses (0, and o) are less than the vertical stress
(o,) with the least horizontal principal stress oriented N65°
W. Under the stresses observed during the hydraulic fractur-
ing study, faults striking at N25°E dipping either east or west
between 60° and 67°, the orientation of the block-bounding
faults mapped in the vicinity of Yucca Mountain, are favor-
able for slip with friction coefficients ranging from 0.6 to 1.0
(Stock et al., 1985).

Strength of Fault and Adjoining Material

Fault Constitutive Behavior

We use the slip-weakening formulation, proposed by Ida
(1972) and Palmer and Rice (1973), as the failure criterion to
describe the evolution of shear strength with slip along pre-
defined faults. The law assumes that frictional strength, at
fixed normal stress, depends only on the amount of slip,
Au, that has occurred on the fault. In the simple case of linear
degradation of frictional strength with slip, the frictional
strength of the fault can be written as

7= f(Au) x (=0,), )

where f(Au) describes the evolution of the coefficient of
friction with increasing slip,

Au .

A — fs_(fs_fd)_cs AM<DC’ 2

fan = {1 N=he

Here, D, is the critical slip-weakening distance. The peak
and residual shear strength, 7, = f (-0,) and T, =
fa(—0,) are both proportional to a static or dynamic coeffi-
cient of friction times the fault-normal stress (—o,,). If pore
fluid is present, the fault-normal stress should be regarded
as an effective stress. The proximity of the initial resolved
shear stress along a fault to peak and residual fault strength
is defined by the seismic § ratio, S = (7, — /(1% - 1,).
This slip-weakening law has been used in previous studies
of branching including the work of Kame ef al. (2003) and
was used to successfully model experimental observations
of branch activation in homalite plates (Templeton et al.,
2009). This formulation has also been used by Andrews et al.
(2007) to investigate physical limits on ground motions at
Yucca Mountain. An important physical length scale asso-
ciated with this friction law is the slip-weakening zone size,
R. This is the length along the crack interface over which fric-
tional strength decreases from a peak to residual. At low
speeds, in the limit of large seismic S ratio and for elastic
off-fault material behavior, the size of this zone is given by Ry:
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where G is the shear modulus and v is the Poisson ratio. The
slip-weakening zone size, R, decreases from R at zero speed
with increasing rupture velocity and propagation length.
Andrews (1976) observed in numerical simulations that when
the seismic S ratio is sufficiently low (initial shear stress along
the fault is very close to peak strength), S < 1.77, the rupture
propagation speed can transition from the sub-Rayleigh to the
supershear regime by formation of a daughter crack ahead of
the main rupture.

Andrews et al. (2007) investigated several combinations
of static and dynamic frictional coefficients in order to iden-
tify how stress drop from an initial resolved shear stress of
79/(—0,) = 0.55 contributes to ground motions and total
slip. We use two of the combinations used by Andrews ef al.
(2007), a low stress-drop case with f, =0.76 and
fa = 0.448 producing sub-Rayleigh rupture and a high
stress-drop case with f; = 0.7 and f; = 0.1 producing
supershear rupture, to investigate the likelihood of branch
activation along a splay of the SCF. With the initial resolved
shear stress along the fault of 7°/(—0,) = 0.55, the low
stress-drop scenario has § = 2.05 and the high stress-drop
scenario has S = 0.33, so supershear ruptures will be possi-
ble for that latter case.

3)

Off-Fault Constitutive Behavior

Previous work by Andrews (2005), Ben-Zion and Shi
(2005), Andrews et al. (2007), and Templeton and Rice
(2008) has shown that energy dissipated off-fault by inelastic
processes can slow rupture propagation and potentially limit
ground motions. Those studies used MC or DP yield condi-
tions for elastic—plastic response of the fault-bordering rocks.
We include elastic—plastic response in our study of branch
fault activation. A pressure-dependent elastic—plastic yield
criterion, as described in Templeton and Rice (2008), is used.
This criterion can be understood in terms of the behavior of a
material subjected to a hydrostatic compressive stress, —o
(with o positive in tension), and a shear stress, 7. The rela-
tionships between stress and strain increments for a material
with linear elastic isotropy can be written as

1
dvy = % +Z(d7— + pdo),
do (3
dﬁ—?"‘ﬁ(d’r‘i‘ud(f), (4)

during elastic—plastic response, where G, K, and h are the
shear, bulk, and plastic hardening moduli, respectively. A
plastic strain increment is d”y = d~vy — d7/G. The dilatancy
factor, (3, is the ratio of an increment in volumetric plastic
strain to an increment in shear plastic strain: d”e = (3dP~.
The description can be generalized for arbitrary stress states
following Rudnicki and Rice (1975) by taking o = oy;/3
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and 7 = 7= ,/(1/2)s;;s;;, the second invariant of the de-
viatoric stress s;; = 0;; — 0;;0,/3. The yield condition pro-
posed by Drucker and Prager (1952), a pressure-dependent
modification of the Huber—von Mises yield criterion, is a
simple choice for describing granular or cracked materials.
The DP yield criterion (Drucker and Prager, 1952; Lubliner,
1990, ch. 3.3.3) is given by

T+ pwlow/3) = b )

and shown in Figure 4. Here b is the cohesion, or shear
strength, at zero mean normal stress. A more detailed de-
scription of the elastic—plastic formulation, including the
treatment of plastic dilational and shear straining, can be
found in appendix 2 of Templeton and Rice (2008), and
the effects of pore-fluid infiltration are discussed by Viesca
et al. (2008). The effects of pore-fluid pressure changes can
be included in this formulation by transforming all present
constitutive parameters into new parameters by rules based
on Rudnicki (1984a,b, 2000) and given in Viesca et al.
(2008).

In plane strain, the DP yield criterion approximates the
MC criterion, which takes the form

max [ + (tan ¢)(c,)] = c, (6)

all orientations

where 7 and (—o,,) are the shear and normal traction on any
plane, tan ¢ is the internal friction coefficient, and c is the
cohesion. The DP and MC criteria coincide exactly for 2D
stress states like those used here for the initial stress state
with the out of plane principal stress given by o,, =
(0yy + yy)/2. For such stress states, the cohesion and fric-
tion coefficients are related by b = ccos¢ and p = sin ¢,
which we take to define b and p here. Although both criteria
are idealizations and neither is fully suitable for describing
the inelastic behavior of rocks (Colmenares and Zoback,

T A B

u(—ckk)/3 +b

>

7(5kk/3

Figure 4. DP yield criterion used to include inelastic off-fault
material response. The color version of this figure is available only
in the electronic edition.
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2002; Davis and Selvadurai, 2002), we use the DP descrip-
tion, which is widely adopted in geomechanics applications.

Rudnicki and Rice (1975) showed that this type of yield
description can be prone to strain localization and identified
combinations of u, 3, and & that would allow strain localiza-
tion as a function of stress state. Templeton and Rice (2008)
found that localized shear bands can form during the numeri-
cally simulated dynamic rupture processes, especially in
nondilatant, nonhardening materials. However, they found
that the dynamics of rupture propagation were little different
from what was obtained when they increased the assumed
plastic hardening modulus 2 above h., to preclude such
localizations and obtain a locally smooth and presumably
pointwise convergent numerical solution.

Numerical Models and Procedure

We use the explicit dynamic finite element method, in
the form of ABAQUS/Explicit (ABAQUS, 2005) to investi-
gate branch activation along the extensional side of a normal
fault dipping at 60°. A 2D rectangular model composed of
three-noded linear plane-strain elements (type CPE3 in
ABAQUS) was used. The elements were arranged in a
cross-triangle pattern, as illustrated in Figure 5, to set the an-
gle of the branching junction. As noted in Andrews et al.
(2007), a 2D plane-strain model of the east-west vertical
cross section is reasonable because the crest of Yucca Moun-
tain runs north—south and with little variation in east—west
structure for several kilometers around the repository.

Figure 6 shows the two finite element models developed
for use in this study. A model with absorbing elements sur-
rounding the entire mesh, as shown in Figure 6a, was used to
investigate dynamic rupture along a fault in a homogeneous
material for constant prestress states and a range of branch
angles. The absorbing elements are designed to minimize
reflections from the boundaries. They work by introducing
normal and shear tractions on the boundary of the finite ele-
ment mesh that are proportional to the normal and shear
components of velocity at the boundary, with damping con-
stants chosen as the wave impedance factors to minimize
reflections of dilational and shear-wave energy. Forces are
applied between the boundary of the plane-strain elements
and the absorbing elements consistent with the prescribed
initial stress state. For the constant stress model, the element
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Figure 5.  Schematic of element layout surrounding the branch

junction. A set of duplicate nodes defines the faults.
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Schematic of finite element models used for the (a) constant prestress branching study and (b) depth-dependent prestress

branching study with free surface effects. In the depth-dependent model, time histories of velocities and accelerations are reported at
the station indicated in (b) at a 200 m depth 1 km east of the main fault. The color version of this figure is available only in the electronic

edition.

size along the fault was chosen so that the slip-weakening
zone size would be well resolved, with A¢ = R,,/20.

A model with a free surface and stresses that increase
with depth due to gravity and overburden load so that
oY = pg x depth, with the geometry shown in Figure 6b,
was used to study the effects of branch activation on ground
motions at the proposed repository site. The free surface is
horizontal in the depth-dependent stress model, and topo-
graphic effects are neglected. In that depth-dependent stress
model, an element size of 14 m was used to model rupture
initiating at a depth of 10 km, with a resolution of the slip-
weakening zone of A{ = R(/5 at 8 km depth.

In both models, material properties are constant with p =
2700 kg/m3, ¢y = 3300 m/sec, and cp = 5712 m/sec. The
initial stress state imposed has vertical and horizontal princi-
pal stresses, with a vertical most compressive principal stress,
which means that the angle of most compressive stress to the
faultis ¥ = 30°. The least compressive principal stress, 09, is
set to 09 = 0.3509 so that a fault dipping at 60° will have a
resolved shear stress of 7°0/(—a%) = 0.55. We specify an in-
itial out of plane stress of o2, = 0%, = (09 + 09)/2.

A set of duplicate nodes (split nodes) is present along the
predefined faults, and a split-node contact procedure is used
to prescribe the weakened shear strength resulting from slip
during rupture along the fault. During slip, tangential forces
are applied at each node along the fault, consistent with the
current shear strength of the fault described in equations (1)
and (2). Details of the implementation can be found in
Templeton and Rice (2008). At the junction, opening is pro-

hibited so that slip is constrained to be in the direction of slip
along the primary fault (the SCF). This constraint was im-
posed in previous studies of branching using the boundary
integral equation method by Kame et al. (2003); however,
this is a simplicity introduced for numerical computations
that eliminates the possibility of opening and neglects evolu-
tion of the junction geometry.

To nucleate the dynamic rupture, we impose an initial
shear stress distribution consistent with a slip-weakening
shear crack like in Kame er al. (2003) and Bhat er al. (2004)
along a portion of the fault of length L. The length of the
nucleation zone, L., is chosen somewhat greater than the
minimum nucleation size length, calculated by Palmer and
Rice (1973) and given here for v = 0.25 as

16 GG 64 (rp -7
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for the large S limit coinciding with singular elastic crack
mechanics with small scale yielding. The initial alteration
in shear stress causes a stress concentration at both tips of
the nucleation zone that initiates dynamic shear rupture from
the ends of the nucleation zone. To implement this numeri-
cally, we first determine an initial static equilibrium config-
uration for a static crack of length L as described in Kame
et al. (2003). We then determine the shear stresses within that
zone. Nodal tangential forces are applied within the nuclea-
tion zone consistent with the shear stresses determined for
the static crack.
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Results and Discussion

We investigate the likelihood of branch fault activation
for splay faults on the extensional side of the SCF, with a
range of splay fault angles from small angles for more steep-
ly westward dipping splays to larger angles for conjugate
eastward dipping faults. First, we repeat simulations with
constant prestress state like those of Kame et al. (2003),
using the model shown in Figure 6a to characterize branch
fault activation, for ¥ = 30°, for sub-Rayleigh and super-
shear rupture for range of branch angles ranging from 10°
to 60°. Then we include elastic—plastic off-fault material
response to determine how plastic deformation alters the cri-
teria for branch fault activation. Using the results of the
constant prestress branching study, we choose geometry
and stress drop likely to activate the branch for full depth-
dependent study using the model shown in Figure 6b.

Constant Prestress Branching Results

The most compressive stress direction is vertical, as de-
termined by Stock ef al. (1985) so that the direction of most
compressive stress, ¥, to the SCF, which dips at 60° to the
west, is U = 30°. For ¥ = 25°, Kame er al. (2003) found
that no long-running branch activation occurred, although
at high speeds rupture started along the branch but soon
stopped. Using two combinations of static and dynamic fric-
tion coefficients, we investigate two rupture velocities at the
branch junction. For S = 2.05, the rupture velocity will be in
the sub-Rayleigh regime, but for the high stress-drop case,

E. L. Templeton, H. S. Bhat, R. Dmowska, and J. R. Rice

S = 0.33 and a transition to supershear rupture occurs. First,
we examine the likelihood of dynamic branch activation for a
branch in an elastic material, and next we include the pos-
sibility of inelastic material response.

Elastic Off-Fault Material Response. Figure 7 summarizes
dynamic branch activation for branch angles, «, ranging from
10° to 60°. For the low stress-drop case (A7/(—o,) = 0.10),
rupture velocity reaches 0.86¢; at the branching junction. For
all branch angles o« < 60°, rupture continues along the main
fault past the branch junction, with brief activation along the
branched fault. The length of branch activation decreases
from 5.3R, to 1R, as «vincreases from 10° to 60°. For the high
stress-drop case (A71/(—0o,) = 0.24), the rupture transitions
to supershear, reaching 1.6¢; at the branch junction. Super-
shear branch activation with rupture continuation along the
main fault occurs for branch angles of 10° and 15°. For larger
branch angles, rupture continues along the main fault but only
propagates for a short distance along the branch fault before
terminating. The two possible branch geometries based on the
mapping and interpretations by Potter et al. (2004) and Bro-
cher et al. (1998) are highlighted in Figure 7. Based on the
constant prestress results with elastic off-fault material be-
havior, the only scenario for dynamic branch activation with
continued rupture along the splay fault is a rupture propagat-
ing updip along the SCF at a supershear speed and reaching a
steeply dipping fault such as the Boomerang fault. Activation
of a conjugate eastward dipping normal fault such as the
Windy Wash fault is unlikely.

Elastic Off-Fault Material Response

Sub-Rayleigh: (@) (b) (c)
v, = 0.86¢,
at branch
Q~ N
° x*° N
S=205 & w &
/ Vi / Vi / Vi / ”
/& /8 /8 /s
~° ~° ~° N
_ No Rupture
Sub-Rayleigh o =10° o=15° o = 20° o = 40° o = 60°
Rupture )
Boomerang Fault Windy Wash Fault
== Supershear
Rupture (f)
S$=0.33
Supershear:
v, = 1.6¢4 at branch /

Figure 7.

version of this figure is available only in the electronic edition.

Branching results for constant prestress with elastic off-fault response for branch angles ranging from 10° to 60°. The color
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Elastic-Plastic Off-Fault Material Response

Sub-Rayleigh: (a) S (b) (C) (d) (e)
v, = 0.82¢
at branch
° S
S=2.05 o &
iy 3
A N7 {7 { 7
_ No Rupture X
S;féﬁigleigh o=15° o =25° o =35° o =40° o =60°
Boomerang Fault Windy Wash Fault
=== Supershear
Rupture (f) (g)
S=0.33
Supershear:
v, = 1.24c, at branch / /

Figure 8.

Branching results for constant prestress states with inelastic off-fault material response allowed for branch angles ranging from

15° to 60°. The color version of this figure is available only in the electronic edition.

Inelastic Off-Fault Material Response. Figure 8 sum-
marizes the dynamic branch activation results including
elastic—plastic off-fault response. We use a DP yield condi-
tion with dilation, 5 = 0.29, internal friction, 4 = 0.58, and
cohesion, b = 0, to include the inelastic off-fault response.
The primary effect of incorporating inelastic off-fault
material response during dynamic rupture propagation is a
reduction in the rupture velocity at the branching junction
compared to the elastic case for the same rupture propagation
distances. This effect is noted in Templeton and Rice (2008),
and Templeton (2009) further investigated how energy dis-
sipated by inelastic deformation can limit the speed of rup-
ture propagation for sub-Rayleigh rupture. The velocity at
the branching junction for the low stress-drop (A7/(—0,) =
0.10) sub-Rayleigh rupture scenario was reduced to 0.82¢;
from 0.86¢, by the inelastic off-fault deformation. The lower
rupture velocity at the branch junction and plastic off-fault
deformation resulted in fewer cases with branch fault activa-
tion. For all branch angles o < 60°, rupture continues along
the main fault past the branch junction, and brief fault acti-
vation occurs only for & = 15° and a@ = 60°. The velocity at
the branching junction for the high stress-drop (A7/(—0o,)
= 0.24) supershear rupture scenario was reduced to
1.24c, from 1.6c, by the inelastic off-fault deformation.
Supershear branch activation with rupture continuation along
the main fault occurs along branches with angles 15° and 25°.
For larger branch angles, rupture continues along the main
fault and propagates for a short distance along the branch
fault before terminating. Two possible branch geometries

based on surface mapping and interpretations of seismic
reflection surveys are highlighted in Figure 8. The elastic—
plastic branching results also indicate that the only likely sce-
nario for branch activation is a supershear rupture encounter-
ing a steeply westward dipping fault such as the Boomerang
fault on the extensional side of the SCF.

Figure 9 shows the plastic strain generated near the
branching junction for the three cases of branch activation
with supershear rupture. Activation of the branch reduces
the amount of plastic strain generated along the main fault,
particularly so for the most shallow branch angles. This
reduction in extent of the plastic zone width corresponds
with a reduction in the amount of plastic strain energy dis-
sipated, as shown in Figure 10. There is also a brief increase
in rupture velocity immediately past the branch junction
for a = 15°.

Depth-Dependent Prestress Results

The constant prestress analyses suggest that the most
likely scenario for activation of a fault branch on the hanging
wall of the SCF is a steeply westward dipping branch with an
angle o < 25° between the branched fault and the SCF. Using
the finite element model shown in Figure 6b, the effects of
branched fault activation on the ground motions at the po-
tential repository site, 1 km west of the SCF and 200 m below
the free surface, are determined. A splay fault dipping 80° to
the west intersecting the SCF at 3 km depth is considered.
Rupture is initiated at 10 km depth by a sudden drop in shear
stress and propagates updip toward the splay fault in the
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Figure 9.  Contours of equivalent plastic strain surround the fault junctions for three cases of branch activation with supershear rupture at

the branch junction. The color version of this figure is available only in the electronic edition.

hanging wall of the SCFE. The slip-weakening distance, D, is
0.1 m, which corresponds to an R, of 60 m at 8§ km depth.
Along the fault, the node spacing is 14 m. Both the elastic
and elastic—plastic constant stress model results in-
dicate that the speed of rupture propagation at the branch
junction must be supershear in order for continued rupture
along the branch to occur. Friction coefficients for the large
stress-drop case, f; = 0.7 and f; = 0.1, were used to pro-
duce a supershear rupture along the main fault. The stress
drop at 3 km depth where the branch junction occurs is
18 MPa.

First, effects of branch fault activation with elastic off-
fault material response are considered. Rupture begins at
depth along the SCF and propagates at a supershear velocity

30 a = 30°

No Branch ,

2.5 | o=25"{25

20}
1.5 frupture velocity

on main fault

1.0t

(6]
Rupture velocity, vy/cg

05

Ratio of Plastic Energy Dissipated to
Frictional Slip-Weakening Fracture Energy

plastic energy dissipated

I I I I I 0.0
0 5 10 15 20 25 30 35 40
Crack tip position along the main fault, x/Rg

0.0

Figure 10.  Variations in rupture velocity and plastic energy dis-
sipated caused by branch activation.

updip reaching the splay fault at a depth of 3 km with a pro-
pagation speed of v, = 1.66¢,. Activation of the splay fault
occurs, and supershear rupture propagates along the splay
fault at v, = 1.74c,. Figure 1la,b shows the horizontal
and vertical velocities at the repository site for the branch
activation and for a reference case with no branch activation.
The ground motions at the repository site are nearly identical
until arrival of motions from rupture along the branched
fault. There is a second large peak in vertical ground veloc-
ities at the repository site that corresponds to the passing of
the Mach front generated by the supershear rupture along the
splay fault. Although the PGV is not altered by the rupture
along the branch, the second large peak in vertical veloc-
ity due to the branch activation does provide a substantial
acceleration.

We also investigated the effects of off-fault inelastic de-
formation on the ground motions at the repository site. The
DP yield criterion was included with ¢ = 0.7, 6 = 0.0, and a
cohesive strength of b = 7 MPa. Rupture begins at 10 km
depth and propagates updip at a supershear velocity reaching
the splay fault at a depth of 3 km. Activation of the splay fault
occurs, with rupture propagating at a supershear speed along
the splay. Figures 11c,d and 12 show the ground motions
produced by branch activation within the elastic material
compared with the ground motions produced within the elas-
tic—plastic material. The energy dissipated by the inelastic
response reduced the ground velocities experienced at the
repository site. The peak horizontal ground velocities are re-
duced by 15% and the vertical peak velocities are reduced by
19%. Also, the high accelerations (up to ~16g) of the elastic
case are substantially reduced, as evidenced by the much
more gradual changes in ground velocity. Peak horizontal
accelerations are reduced by 32% and peak vertical accelera-
tions are reduced by 70%.
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Conclusions

We investigated the likelihood of splay fault activation
along the SCF, a normal fault in the vicinity of Yucca Moun-
tain, Nevada. Based on the regional stress state in the area,
the only likely candidates for branch activation in the hang-
ing wall of the SCF are more steeply westward dipping intra-
block splays that intersect the SCF at angles of 10°-25°, such
as the Boomerang fault. The rupture velocity for an earth-
quake propagating updip along the SCF must reach super-
shear speeds in order for dynamic branch activation to
occur; however, there are no observations of supershear rup-
ture during normal-faulting earthquakes. We found that
branch activation can have significant effects on the ground
motions at the proposed repository site, 1 km away from the
SCF beneath the crest of Yucca Mountain. Supershear rupture
along the branch segment can cause the repository site to
experience a second peak in large vertical rupture velocities.
Moderate reductions in horizontal and vertical velocity and
large reductions in accelerations occur when elastic—plastic
off-fault response is incorporated during rupture.
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