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1. SUMMARY HIGHLIGHTING THE MAIN RESULTS/CONCLUSIONS OF
THE RESEARCH
Dynamic rupture through a branched fault configuration at Yucca Mountain and
resulting ground motions: We characterized earthquake ruptures with multiple fault
activation along a branched normal fault system, using dynamic finite element analyses
(Templeton et al., BSSA in review, 2009). This was motivated by the normal faults in the
vicinity of Yucca Mountain, NV. 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. Based on the results of previous branching studies (Kame et al. ,
JGR, 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 was of interest for its effects on the resulting
ground motions at the proposed repository site. We considerd elastic as well as a
pressure-dependent elastic plastic response (of Drucker-Prager type) of the off-fault
material. Based on the regional stress state, the only likely candidates for branch
activation in the SCF hanging wall are more steeply westward dipping intrablock splay
faults (Boomerang and Windy Wash faults). We showed that the propagation velocity
for an earthquake propagating updip along the SCF must be driven by a near-total stress
drop, so as to reach supershear speeds, in order for dynamic branch activation to occur.
Branch activation has significant effects on the predicted ground motions at the proposed
repository site, 1 km away from the SCF beneath the crest of Yucca Mountain, causing a
second peak there in large vertical particle velocities. The inclusion of elastic-plastic
response in off-fault material near the branch junction substantially reduced predicted
peak ground velocities and accelerations, although peak accelerations, e.g., are still at the
multi-g level. Related work (E. Dunham, in progress, 2009) has shown that at least in the
case of extreme stress drops and supershear rupture speeds (and both elastic or elasticplastic off-fault response), there is little difference between rupture history and ground
motion for strongly rate-weakening friction laws and slip-weakening laws with low
dynamic friction coefficients (like those which Andrews et al. (BSSA, 2008) and
Templeton et al. (2009) used). If the initial stress state is instead low enough to put the
rupture mode along the strongly rate-weakening fault into the slip-pulse regime, like
studied in Noda et al. (JGR, 2009), then rupture history becomes more complex and the
results do depend on the friction law. However, for that part of parameter space the
associated stress drops and ground motion are generally much smaller than in the extreme
stress drop, supershear case, and it seems to be of less interest to our particular Yucca
Mountain study, which was aimed at examining extremes of possible ground motion.
Finite element simulations of dynamic shear rupture experiments and dynamic path
selection along kinked and branched faults: This multi-year collaborative study
(Templeton et al., JGR, 2009) with the experimental group of A. J. Rosakis at Caltech
was completed and published. It showed that the finite element methodology used was
effective in most cases studied in predicting overall results (rupture paths, isochromatic
fringe pattern geometry, and sub-Rayleigh versus supershear propagation speeds) of
dynamic laboratory experiments on rupture along branched or kinked fault paths.

2. SUMMARY OF ANY RECOMMENDATIONS FOR FUTURE WORK ON
UNRESOLVED PROBLEMS FROM THE RESEARCH
For Yucca Mountain and the Solitario Canyon Fault, a great help to constraining future
calculations of the type we have done would be as follows: (1) to have accurate
knowledge of pre-stresses over an extensive depth range, (2) to know the constitutive
relations which describe how those stresses change during seismic slip, (3) to have a
sense of whether past ruptures in that terrain fits the recently emerging paradigm that
earthquake slip involves highly localized shear on mm or sub-mm thickness shear zones,
and (4) to have some sense of damage zone extent relative to such primary slip zones
(important to parameterize elastic-plastic models of off-fault response during seismic
rupture). Concerning constitutive relations, we know that classical slip-weakening is a
poor representation of some features of modern experiments at high slip rates, which
show evidence of dynamic weakening mechanisms of sorts that were not imagined at the
time the slip-weakening concept was developed in the early 1970s. That is an important
topic for strong ground motion because there are possible qualitative differences in
rupture mode, i.e., transition form classical crack-like rupture to a self-healing slip pulse,
when strong rate-weakening occurs. That is, the effects of strong rate-weakening cannot,
in all cases, be simply mapped into the effects of rate-insensitive slip-weakening with a
large strength drop parameter.
The recommendation is therefore that a program of laboratory and sub-surface field
exploration be initiated to support any future extension of this ExGM project. Possible
ways to learn the critical information needed in (1) to (4) above are as follows: (a) A
drilling program to measure stress state as a function of depth, to extract core which can
suggest extent of damaged fault-border zones, which may also in fortunate circumstances
provide evidence on the thickness of primary slip zones and of mineralogy (e.g.,
pseudotachylyte or its absence in prior activity), and which may provide suitable rocks
from a range of depths for lab friction studies. (b) A tunneling program, launched from
the present exploratory tunnel at Yucca Mountain, to intersect fault zones (albeit, at
shallow depth) to characterize damage zones and primary slip zones, and to provide lab
specimens. (c) A serious lab program, building on the unique facilities and advances in
studying high-rate rock friction and weakening mechanisms at, e.g., Brown, CaseWestern Reserve, UCSD and Texas A&M, to move this seriously under-funded area
forward, and have it contribute the critical insights needed to reliably characterize fault
zone response at seismic slip rates, for purposes of estimating radiated ground motions.

3. KEY FIGURES THAT REPRESENT IMPORTANT RESULTS OF THE
WORK
Key figures: Dynamic rupture through a branched fault configuration at Yucca
Mountain and resulting ground motions

Schematic of finite element models used for the (a) constant pre-stress branching study
and (b) depth-dependent pre-stress 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. Building on
previous results, we know that the angle Ψ of most compressive stress relative to the
fault, which would be Ψ = 30º here, is a major factor controlling the range of branch
angles α which are most susceptible to activation [Kame et al., JGR, 2003], and also
controlling the location and extent the plastically activated zone with respect to the fault
[Templeton and Rice, JGR, 2008]. Other important factors are the proximity of the prestress state to slip-weakening failure along the fault(s), and to plastic yield onset in the
adjoining bulk.

Branching results for constant pre-stress states, comparing elastic (upper panel) with
inelastic (lower panel) off-fault material response. For branch angles ranging from 10º to
60º. Pre-stress is closer to failure (lower S ratio) in lower row of each panel.

Effects of (a-b) branch activation and (c-d) elastic-plastic off-fault material response on
vertical and horizontal ground velocities at the proposed repository site (1 km east of the
Solitario Canyon Fault 200 m below the free surface) during a supershear rupture
propagation along the SCF.

Vertical (a) and Horizontal (b) ground accelerations for branch activation with elastic
(blue) and elastic-plastic (red) off-fault material response at the proposed repository site
(1 km east of the Solitario Canyon Fault 200 m below the free surface) during a
supershear rupture propagation along the SCF.

Key figure: Finite element simulations of dynamic shear rupture experiments and
dynamic path selection along kinked and branched faults

The computed results generally reproduce, qualitatively, the observed post-branch/kink
rupture behavior, including good agreement with photographs of dynamic isochromatic
line patterns. Both the finite element and experimental results indicate that the presence
of a kink or branch can cause an abrupt change in rupture propagation velocity. The FE
results show that slip along the inclined faults can be substantially less than slip along the
main fault. For kinked faults, the amount of slip on the inclined fault decreases with
increasing branch angle. For branched faults, the amount of slip is largest for
intermediate branch angles to either the compressional or extensional side.
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5. SHORT TECHNICAL REPORT
Dynamic rupture through a branched fault configuration at Yucca Mountain and
resulting ground motions
In work with Elizabeth Templeton and Harsha Bhat (Templeton et al., BSSA in review,
2009) we sought to characterize the likelihood of multiple fault activation along a
branched normal fault system during earthquake rupture, using dynamic finite element
analyses. This was motivated by the normal faults in the vicinity of Yucca Mountain,
NV, 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 et al. (JGR, 2003), branch activation in the hanging wall of a
normal fault, such as the Solitario Canyon Fault 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 (Boomerang and Windy Wash faults). We also
find that the rupture velocity for an earthquake propagating updip along the SCF must be
driven by an extreme stress drop so as to 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. We show also that the inclusion of elastic-plastic response in off-fault
material near the branch junction substantially reduces predicted peak ground velocities
and accelerations at the proposed repository site, although peak accelerations, e.g., are
still at the multi-g level.
Related work by Eric Dunham has shown that at least in the case of extreme stress drops
and supershear rupture speeds (and both elastic or elastic-plastic off-fault response), like
considered in Templeton et al. (2009), there is little difference between rupture history
and ground motion for strongly rate-weakening friction laws and slip-weakening laws
with low dynamic friction coefficients (like those which Andrews et al. (BSSA, 2008) and
Templeton et al. (2009) used). If the initial stress state is instead low enough to put the
rupture mode along the strongly rate-weakening fault into the slip-pulse regime, like
studied in Noda et al. (JGR, 2009), then rupture history becomes more complex and the
results do depend on the friction law. However, that part of parameter space, for which
the associated stress drops and ground motion are generally much smaller than in the
extreme stress drop, supershear case, seems to be of less interest to our particular Yucca
Mountain study, which was aimed at examining extremes of possible ground motion.

Fig. 1: Schematic of finite element models used for the (a) constant pre-stress branching
study and (b) depth-dependent pre-stress 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. Building on
previous results, we know that the angle Ψ of most compressive stress relative to the
fault, which would be Ψ = 30º here, is a major factor controlling the range of branch
angles α which are most susceptible to activation [Kame et al., JGR, 2003], and also
controlling the location and extent the plastically activated zone with respect to the fault
[Templeton and Rice, JGR, 2008]. Other important factors are the proximity of the prestress state to slip-weakening failure along the fault(s), and to plastic yield onset in the
adjoining bulk.

Fig. 2: Branching results for constant pre-stress states, comparing elastic (upper panel)
with inelastic (lower panel) off-fault material response. For branch angles ranging from
10º to 60º. Pre-stress is closer to failure (lower S ratio) in lower row of each panel.

Fig. 3: Contours of equivalent plastic strain surround the fault junctions for three cases
of branch activation with supershear rupture at the branch junction.

Fig. 4: Variations in rupture velocity and plastic energy dissipated caused by branch
activation.

Fig. 5: Effects of (a-b) branch activation and (c-d) elastic-plastic off-fault material
response on vertical and horizontal ground velocities at the proposed repository site (1
km east of the Solitario Canyon Fault 200 m below the free surface) during a supershear
rupture propagation along the SCF.

Fig. 6: Vertical (a) and Horizontal (b) ground accelerations for branch activation with
elastic (blue) and elastic-plastic (red) off-fault material response at the proposed
repository site (1 km east of the Solitario Canyon Fault 200 m below the free surface)
during a supershear rupture propagation along the SCF.

Finite element simulations of dynamic shear rupture experiments and dynamic path
selection along kinked and branched faults
We also completed a multi-year study of correlation of our theoretical, finite-element
based, models of rupture along kinked and branched fault paths with extensive laboratory
studies of such configurations by Ares Rosakis at Caltech and his former co-worker Carl
Rousseau, now at the University of Rhode Island. The next figure shows a schematic of
the set-up of the Rouseau and Rosakis [JGR, 2003, 2009] experiments on which we have
collaborated to test theoretical concepts and try to explain observations, and shows the
specimen configurations to represent either kinks or branches in a fault system. The
specimens were cut along bent or branched paths and then weakly glued back together
everywhere except along a starter notch near the impact site. In the finite-element
simulations, we could not model the impact of the steel buffers with the much more
compliant Homalite-100 plates (chosen for their photoelastic properties), because the
vastly different waves speeds required too large a gradation in element size to meet a
CFL criterion for a necessarily uniform time step throughout the domain. The impact
was therefore represented by an imposed horizontal velocity history at the border with the
buffer, correlated against strain gauge measurements in the Homalite just inward from
that border.

Fig. 7

We found that dynamic explicit 2D plane-stress finite element analyses with a simple
linear slip-weakening description of cohesive and frictional strength of the bonded
interfaces could reproduce the qualitative rupture behavior past the bend and branch
junctions in most cases and reproduce the principal features revealed by the high-speed
photographs of the dynamic isochromatic fringe line patterns. There is also good
agreement between the numerical and experimental crack tip positions during rupture.
The finite element results provide additional insight into differences in the amount of slip
accumulation occurring on the main horizontal fault versus that occurring on the inclined
fault bends or branched faults, which differences are not readily characterized in the
experiments, and they indicate that slip along the inclined faults can be substantially less,
even with apparently vigorous rupture propagation, than slip along the the main fault.
Differences between the numerical and experimental results exist for cases with a bend or
branch along the extensional side, perhaps due, at least in part, to mixed mode rupture
micro-crack formation in the bulk during the experiments which cannot be modeled
within the simple cohesive and frictional laws implemented in this numerical study.
Future studies could incorporate a tensile component of fault strength in the slipweakening description to (we assume) better match the experimental results.

Fig. 8
The computed results generally reproduce, qualitatively, the observed post-branch/kink
rupture behavior, including good agreement with photographs of dynamic isochromatic
line patterns. Both the finite element and experimental results indicate that the presence
of a kink or branch can cause an abrupt change in rupture propagation velocity. The FE

results show that slip along the inclined faults can be substantially less than slip along the
main fault. For kinked faults, the amount of slip on the inclined fault decreases with
increasing branch angle. For branched faults, the amount of slip is largest for
intermediate branch angles to either the compressional or extensional side.
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