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Front Cover: Surface fault rupture, new analysis techniques, geologic characterization, and engineered
mitigation are some of the themes of this Workshop. The 2016 earthquakes in Japan, Italy, and New
Zealand provide a timely backdrop to this Workshop. Top center: 24 August, 2016 Monte Vettore fault
rupture, Italy (Image provided by INGV). Center left: House damaged by surface rupture on the
Kekerengu fault, New Zealand (Image from GNS Science). Center right: Fault rupture, Oh-Kirihata Dam,
2016 Kumamoto earthquake, Japan (Image from GEER 2016 report: Geotechnical Aspects of the 2016
Mw 6.2, Mw 6.0, and Mw 7.0 Kumamoto Earthquakes). Lower left: Sentinel 2A Micmac correlation maps
of the 2016 Kaikoura Earthquake illustrating the use of remote sensing to quantify the deformation field
due to surface rupture (Image by Johann Champenois (IPGP/IRSN). Lower right: The Trans-Alaska
Pipeline following the 03 November 2002 Denali Fault earthquake. The TAP Denali fault crossing
remains one of the best examples of successful geologic fault characterization and engineering to
mitigate the effects of surface fault rupture. (Photo credit: Tim Dawson).
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December 8, 2016

Rambo Auditorium, Building 3
USGS Campus — 345 Middlefield Rd, Menlo Park, CA
8:00 — 9:00 Workshop Registration
9:00 - 9:30 Welcome and Introductory Remarks
(Dawson, Baize, Cinti, Schwartz)
Session I: Lessons learned from recent earthquakes
9:30-10:30
Surface rupture in the 2016 Earthquake Sequence in Central Italy

Francesca Cinti (INGV)

Widespread complex surface rupture associated with the Mw 7.0 16 April
2016 Kumamoto, Japan, earthquake

Shinji Toda (IRIDes - Tohoku University)

10:30 — 10:45 Break

10:45 - 11:45 Variation in earthquake surface rupture characteristics across intraplate
Australia

Dan Clark (Geoscience Australia)



Fault rupture observations from the most recent and prior events along
New Zealand's Alpine Fault and Greendale Fault

Greg dePascal (University of Chile)

Constraining Co- and Post-Seismic Shallow Fault Slip with Near-Field
Geodesy and Mechanical Modeling

Ben Brooks (USGS)

11:45-12:00 Discussion of Issues Raised

12:00 — 13:30 Lunch and collaborative informal discussions

Session II: Observational data for the Surface Rupture during Earthquakes (SURE)
Database

13:30 — 15:00
Introduction to Session Il — Perspectives from California

Tim Dawson (California Geological Survey)

Issues associated with setback distance from active fault in China: What
we have learned from the 2008 Wenchuan Earthquake

Xiwei Xu (China Earthquake Administration)

Quantifying Co-seismic Distributed Deformation Using Optical Image
Correlation: Implications for Empirical Earthquake Scaling Laws and
Safeguarding the Built Environment

Chris Milliner (U.C. Berkeley)

A new technique to measure 3D slip vectors from high-resolution
topography, applied to photogrammetry of historic ruptures

Austin Elliot (COMET/ University of Oxford)

Discussion

15:00 — 15:15 Break



Session II: Observational data for the Surface Rupture during Earthquakes (SURE)
Database (Continued)

15:15-16:15 50 or 5007 Current Issues in Estimating Fault Rupture Length
David Schwartz (USGS)

Towards a unified database of Surface Ruptures (SURE): Objectives and
perspectives

Stéphane Baize / Johann Champenois (IRSN)

16:15-17:00 Discussion
17:00 — 18:00 Last minute addition: Briefing on the 2016 Kaikoura, New Zealand
Earthquake

Pilar Villamor (GNS Science)

18:00 Adjourn

(See next page for Day 2)



Fault Displacement Hazard Analysis Workshop Day 2
December 9, 2016

Menlo Park City Council Chambers
701 Laurel St. Menlo Park, CA

8:30 - 9:00 Workshop Registration

9:00 —9:15 Overview/Observations from Day 1

Session lll: Application and Advances in Deterministic and Probabilistic Fault
Displacement Hazard Analysis

9:15-10:35

Fault displacement hazard at natural gas storage fields-a future research
and regulatory direction

Thom Davis

U.S. criteria for assessing tectonic surface fault rupture and deformation
at nuclear facilities

Ivan Wong (Lettis Consultants International)

Surface Rupture Data and Location Uncertainty in Probabilistic Fault
Displacement Hazard Analyses

Mark Petersen (USGS) and Rui Chen (CGS)

Deterministic and probabilistic fault displacement hazard methodologies
for gas pipeline crossings in California: applications and data needs

Steve Thompson (Lettis Consultants International)

10:35 -10:50 Break



Session Ill: Application and Advances in Deterministic and Probabilistic Fault
Displacement Hazard Analysis (Continued)

10:50 - 11:30
11:30 —12:00
12:00 — 13:30
13:30 — 15:00

Risk Characterization and Dam Safety Modifications to Address Active
Fault Rupture Beneath an Embankment Dam

Keith Kelson (U.S. Army Corps of Engineers)

Framework of probabilistic and deterministic methods for evaluating near-
fault displacement

Naoto Inoue (Geo-Research Institute — Japan)

“Flash Talks”

Attendees are asked to present their top lessons learned in the
applications of FDHA and the most pressing user needs in 1-2 slides, in
about 2 minutes each. Sign-up sheet will be available at the Workshop
(limited slots, first-come, first served!).

Lunch (On your own, see list of local restaurants and lunch options)

Application or Mis-Application of PFDHA. What Relationships are
Appropriate and Is the Displacement Result Reasonable?

Donald Wells (Amec — Foster Wheeler)

Performance-Based PFDHA Using the Third Uniform California
Earthquake Rupture Forecast

Glenn Biasi (University of Nevada, Reno)

Case Study of the Analysis and Design of Bridge Foundations Intersected
by Active Faulting

James Gingery (Kleinfelder)



15:00 - 15:15

Engineering Implementation of the Results of a Fault Displacement
Hazards Analysis

Jonathan Bray (U.C. Berkeley)

Discussion

Break

Session IV: Moving Forward

15:15 - 16:15

16:15-17:00

17:00

The Path Forward: Research Directions and Plans for a PEER Research
Project

Norm Abrahamson (Pacific Gas and Electric)

Collaborative Opportunities and Coordination of Research Efforts

Jeff Bachhuber (PG&E), Yousef Bozorgnia (PEER)

Workshop Discussion and Wrap-up

Adjourn
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Towards a unified and worldwide database of surface ruptures (SURE)

S. Baize, J. Champenois, F. Cinti, T. Dawson, A. Elliott, L. Guerrieri, Y. Klinger, J. McCalpin, K.
Okumura, O. Scotti, M. Takao, P. Villamor, R. Walker

Assessing Fault Displacement Hazard is based on empirical relationships that are derived from
regressions of earthquake data. The regressions that are used so far are based on sparsely
populated datasets, mainly including a restricted number of pre-2000 events. A common effort
has started in 2015 to constitute a worldwide, unified and shared database to improve further
estimations, with the support of INQUA. The SURE database would update published databases
that relate earthquake magnitude to surface faulting (both primary and distributed faulting). In
October 2015, IRSN sponsored a workshop during which earthquake geologists started
discussions for building such a database. The group observed that the existing datasets hold
very limited description and parametrization of the rupture, only including magnitude and
kinematics of event, coordinates and net slip of the measured points (e.g., Pezzopane and
Dawson, 1996; Petersen et al.,, 2011; Takao et al., 2013). We emphasized that future cases
could be implemented with more details.

How to improve the description of surface ruptures?

Recent events highlighted that the modern techniques, such as SAR interferometry, LIDAR or
SfM topography, allow the recognition of an extensive picture of coseismic deformation. The
geologist work was facilitated by the INSAR maps available in the early phase after the 2014 M6
Napa earthquake (DeLong et al., 2016). The M5 26/3/2010 Pisayambo, Ecuador, earthquake
rupture would not have ever been recognized without INSAR, in this remote and high-elevation
region of the Andes (Champenois et al., submitted). LIDAR imaging can provide accurate
estimation of offsets, potentially providing a huge amount of data to appreciate the natural
variability of surface faulting and to quantify uncertainties (Gold et al., 2013). Probably the
improvement of detection capacity with modern techniques would erase the difference of surface
rupture probability between Japan and western USA reported by Takao et al. (2013): these two
active countries have very different morpho-climatic contexts that could largely have influenced
detection of historical cases’ surface rupture with classical mapping. Indeed, evidencing M5-6
earthquakes surface rupture with classic field mapping is easier in southern California (e.g.
Suarez-Vidal et al., 2007) than under the Japanese canopy. The recent M7 Kumamoto
earthquake nicely illustrates this: subtle deformation evidences under the Aso caldera flank
canopy were highlighted thanks to SAR (Fujiwara et al., 2016).

With InSAR development, we underline that a comprehensive overview of the earthquake-
related deformation is now available at the source scale, even for big quakes (M>7). In the
crustal slab that has been strained during the interseismic period, released elastic deformation
during earthquake can be distributed in this zone (strain rebound). Typically, this zone can be
larger than 15 km on the hanging wall during M7+ normal earthquakes and similar volumes
might be considered for strike-slip events. Therefore, the convention to consider as “triggered”
each rupture beyond 2 km (Petersen et al., 2011) might be revised. An idea to explore could be
considering slip as triggered when occurring beyond the geodetic deformation field. One issue
we have to figure out is: would the database include triggered slip measurements as it was in the
existing normal fault database (Youngs et al., 2003)? In the specific case of normal faults, we
note that there is potentially the risk to handle “misleading” values including a gravitational
component. In the examples of normal faults in the Italian Apennines, several historical cases
(including the last ones in 2016) have been the subject of such controversy. How to handle this
potential bias, if any? In the proposed database structure, we included a “slope” parameter that
could be used as a flag to generate specific regressions.



Japanese and US practitioners have different approaches to determine the “primary” vs
“distributed” character. In Japan, once the main rupture is identified from geological and
seismological data, the “distributed” character is assigned to any slip clue beyond a pre-defined
distance off this main trace. This threshold is determined as the 1%-main-trace-length width. On
the contrary, the US approach is empirical, essentially based on evaluation of structural
relationships between ruptured segments. Whatever the technique, some complex cases such
as the M7.2 2010 El Mayor-Cucapah rupture would require an elaborated structural model to
rank the segments and define the main rupture (e.g. Fletcher et al., 2016). Another issue that we
have to cope with is the calculation of distances from distributed clues to primary fault plane. In
cases with partly buried main rupture with distributed faulting at the surface (e.g. Edgecumbe,
New Zealand, 1987), we have to select a strategy: whether to use the rough earthquake fault
plane determined from seismological data or calculate distance to the nearest primary surface
traces. For blind primary ruptures, we might calculate distance to the intersection between
ground surface and fault projection, or measure distance to the fault plane (see GMPEs metrics
such as Rjb, Rx and Rrup).

Recent earthquake cases like El Mayor-Cucapah (2010, Mexico) (Teran et al., 2015) or sand-
box models (Stanton, 2013) have shown that surface geology control the rupture pattern. In the
Mexican example, both the number of slip planes and their geometry are influenced by the
nature of affected rocks. In the experimental results, the near-surface material stiffness is
another crucial parameter influencing the rupture pattern and fabric. Recently, Moss et al. (2013)
confirmed, based on an extensive dataset of surface ruptures and Vs30, that the stiffness of
surface deposits has a strong impact on the propagation of rupture to the ground surface for
reverse faults, but not for strike-slip faults. They also conclude that Vs30 is useful in predicting
the width of deformation band above the primary fault: stiff deposits will have a “brittle” response
and a narrow fault zone, whereas ductile behavior or distributed deformation will occur in regions
with loose sediments.

During discussions at the Paris meeting, the structural pattern of master fault was also promoted
as a potential control parameter. It appears that distributed faulting does not have a uniform
density along strike and is much more common at step-overs, bends, and other geometric
irregularities (e.g. 2013 M7.7 Balochistan event; Vallage et al., 2013). To account for this, we
propose to empirically discretize fault portions along the strike of historic surface ruptures into
simple or complex, and then make separate regressions. As soon as the late ‘80s, Bonilla (1988)
also introduced that fault geometry at depth could largely control surface faulting: for instance,
the large to very large crustal earthquakes that hit Argentina in 1944 (M7 & 7.5, La Laja) did not
produce primary surface rupture because the fault plane was gently dipping, so that the rupture
could not reach the surface despite large M. In addition, the focal depth vs shear modulus, which
have never been considered in scaling laws or rupture probability regressions, are crucial
parameters that may need to be considered (Bonilla, 1988).

Potential structure of the future SURE database

The unified database to be implemented is mainly dedicated to future probabilistic studies, and
will include primary and distributed faulting information. To upgrade existing databases, it will
incorporate new parameters to describe surface rupture data such as surface geology, focal
depth, and structural pattern or fault complexity. During the October 2015 meeting in Paris, the
attendees agreed on a preliminary list of fields to fill in, split into three spreadsheets. The
‘earthquake sheet” describes all the parameters associated with the earthquake source
(magnitude, depth, seismological parameters such as rupture length at depth, fault width,
geodetical information). A “fault portion sheet” compiles the mapping information of surface
rupture segmentation, structural complexity and segment history (paleoearthquakes, slip rate



etc, when available). The crucial information in the “observation point table” is the measured net
slip, and the primary or distributed class assignment.

In the Paris meeting follow-up phase, the contributors provided datasets of historical cases
including 1944 M7.0 and M7.4 La Laja (Argentina), 1959 M7.0 Hebgen Lake (USA), 1983 M6.9
Borah Peak (USA), 1987 M6.3 Edgecumbe (New Zealand), 1995 M6.9 Kobe (Japan), 2009
M6.3 L’Aquila (Italy) earthquakes. M. Takao also provided the complete data on 19 historical
events that constitute the Japanese dataset used in PFDH analyses in Japan, covering the 5.8
to 7.4 (Takao et al., 2013). We could also easily include the 2002 M7.9 Denali (Alaska, USA)
and 2010 M7.2 El Mayor-Cucapah (Mexico) earthquakes’ datasets which are online. Excluding
the last event, the coseismic displacement descriptions are lacking in surface geology, structural
complexity and other parameters discussed in Paris. Another step when creating the SURE
database will have to consider all the post-2000 inland earthquakes down to M=6.0, which
potentially could provide relevant data after investigation with accurate techniques; this will
enable including as much as possible various tectonic contexts. McCalpin (2006) performed this
first search in the USGS earthquake database (http://earthquake.usgs.gov/earthquakes/search/),
thus compiling a catalog of 130 shallow M6+ epicenters onshore between 2000 and 2016. Most
occurred in China (21), Iran (13), Japan (8), Russia (8), Pakistan (7), Turkey (7), New Zealand
(6), Kyrgyzstan (5), USA (5), Chile (5), Nepal (5), Myanmar (4). Very few have surface rupture
information reported in literature and there is a need for regional geologists’ participation. This
will be one major task of the SURE working group in the next years.

Conclusion

The Menlo Park meeting is a unique opportunity to discuss the relevance of such a database
structure. The feedback of GMPEs has to be accounted for: the seismological community
introduced, through the accumulation of data during the last years, many parameters to
constrain the regressions. The number of these regressions increased exponentially and it
became a plain exercise to select the appropriate GMPESs in PSHA.

Implementing such a database will be time-consuming and will require sponsorship: Who?
Where? How? The database must be free and downloadable, because data will be freely and
voluntarily provided and shared at the worldwide scale. An appropriate platform for this will also
have to be set up. The final aim is to provide flat-files with homogenously computed quantities
that can then be used to derive different displacement regression equations.
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Performance-Based PFDHA Using the Third Uniform California Earthquake Rupture
Forecast

Glenn Biasi
University of Nevada Reno
Seismological Laboratory, MS 174
Reno, NV 89557
glenn@unr.edu

Introduction

Seismic resilience for California depends heavily on being able to maintain lifeline levels of utility
services following a large earthquake. Water and gas supplies in particular are exposed to
hazards of physical ground rupture during earthquakes. In southern California (SoCal) aqueducts
including the California Aqueduct from northern California, the Los Angeles Aqueduct from the
eastern Sierras, and the Colorado River Aqueduct constitute the main water sources. All three
cross multiple active faults of southern California, and could be damaged simultaneously in a
major San Andreas fault (SAF) event.

Risks from ground rupture might in principle be just a matter of engineering, but in practice
resources are limited, and engineers and managers rely on risk-benefit assessments to mitigate
risks and schedule system improvements. A performance-based engineering approach to
resilience requires geologic hazards and uncertainties to be cast in probabilistic terms. The full
estimation of risk to pipeline, aqueduct and other utility assets requires a systems approach and a
multidisciplinary team including geologists, seismologists, and engineers. This paper addresses
how the Uniform California Earthquake Rupture Forecast 3 (UCERF3) can be used to quantify on-
fault surface displacement offsets on the main active faults in California. The process is readily
applied to strike-slip fault crossings anywhere in the UCERF3 fault model.

Performance-based fault displacement estimation using UCERF3

The current state of practice for seismic hazard in California is defined by the Uniform California
Earthquake Rupture Forecast 3 (Field et al., 2014). This project resulted in ground rupture rates
for active faults of California where a slip rate was available as a constraint. UCERF3 models the
fault system using ~2600 “subsections”, discrete fault panels of ~7.5 km in strike length that
extend to the base of the seismogenic layer. Slip within a subsection is modeled as constant.
Earthquakes on this system rupture two or more adjacent subsections. To cover “all possible
ruptures’, all unigue combinations of subsections were formed; this ran to 253,706 ruptures for the
simpler Fault Model 3.1 (FM3.1), and over 300,000 for FM3.2. Annual rates of occurrence for
these ruptures were developed using the Grand Inversion (Gl; Page et al., 2014), with fault slip
rates, paleoseismic event rates, and regional seismicity as most influential data constraints. For
probabilistic fault displacement hazard analysis (PFDHA) at any specific fault crossing, the
UCERF3 model provides most of the main ingredients: rupture locations and annual rates
everywhere in the fault model. Thus the hazard at a fault crossing is estimated within UCERF3 by
the total slip among ruptures using the subsection crossed. Each subsection has a unique
identifying number within a fault model; we use those numbers as a shorthand reference device.
We use UCERF3 FM3.1 and the branch-averaged mean solution to illustrate our approach.



We illustrate the basic procedure for using UCERF3 rupture rates with a project site (“CAA West")
where the California Aqueduct (CAA) crosses the San Andreas fault (SAF) near Fort Tejon
(Figure 1). The UCERF3 solution uses 67,931 ruptures to model the earthquake hazard of the
SAF to the site (Figure 2). Most of these ruptures are large (7.6<M<8.35), long, and end far from
the project site.

Figure 1. California Aqueduct (black sinuous
line through lake) crossing the SAF (orange
line) near the map pin. This area is also a
transportation corridor; Interstate 5 is visible
on the left side. The SAF slips at 20-35 mm/yr
here (UCERF3 rate = 26 mml/yr), and last
slipped in 1857.

102 FM3.1, CAA West II[SAF}. Su1833 nruptsl: 67931

Figure 2. (right) Individual rupture annual rates (red
stars) and summary magnitude-frequency
distribution (blue line) for ruptures passing through
Sul833, which includes CAAWest. Points in the
summary MFD could be used for hybrid
probabilistic/deterministic hazard applications with 1070
UCERF3 annual rates.
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Figure 3. Rupture displacements in an earthquake have an approximate average shape (shown
as elliptical arcs) around which they vary. The site (blue star) will be in the middle of some, and
the tapering end of others. Vertical dimension is the displacement, which scales from AD. The
peak in this shape is 1.31*AD, much less than the variability of real ruptures. The analytic shape
gives a base estimate for fault displacement.

Fault displacement depends on whether the project site is in the middle of a rupture, where
displacements are generally above the event average displacement (AD), or near the end where
displacements taper to zero (Figure 3). Rupture model average displacement can be found
using an analytic shape, D = AD*sqrt(sin(/ /L), where x/L is the normalized site location in a
rupture of length L (Biasi et al., 2013).

Variability of D around the mean shape also depends on fractional location x/L (Figure 4).
Conceptually, we could use the mean and standard deviation at station x/L in Figure 4, but this
could lead to unphysically large displacements. Instead we make histograms of the variability
data itself in bins of x/L, and sample from those distributions. This limits upper tails of



displacement to D/AD values observed in real data. We also find that variability is more extreme
among displacement profiles of small strike slip events than for large ones.

22 SSRuptures, NoReflection Figure 4. Unreflected and reflected normalized
oo " 1 displacement profiles for 22 strike-slip surface ruptures
M‘/U\NJ T | (Biasi et al.,, 2013). Vertical axis is normalized
~._] displacement. The red line analytic shape is not fit to
the data, only drawn over it. Dashed lines show 1-
o e e e we s s 7 s s Sigma  variation around the mean. +1-sigma
Mean of 22 Rupture Profiles, With Reflection displacements of 2*AD are realistic in the central 50%
7 7. T .7 T T 1 of rupture extent based on actual rupture data.
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The probability of each rupture is known from the
UCERF3 solution, so probabilities and corresponding
SR S S it~ displacements can be tabulated and arranged as a
Nomaizedtengn  cumulative distribution (CDF) of D vs. probability of
exceedance (Figure 5). The heavy red dashed line shows displacement from the analytic shape
only. If only the analytic shapes are used, displacement at the CAAWest site has only a 10%
chance of being smaller than 3.7 m. When displacement variability is added, the displacement
distributions flatten to increase weight among smaller displacements. The individual colored lines
show that the displacement CDF depends on the set of strike-slip rupture profiles used to
estimate variability (see legend). From this we concluded that best results would be to apply the
variability subset most like the input rupture length (e.g., the “le 30 km SS” to a rupture shorter
than 30 km). The CDF weighted in that way is close to the “ge 200km SS” set in Figure 5
because most ruptures through the CAAWest site are much longer than 200 km. All subsets
agree near the Dsy = 50% likely displacement estimate of 6.2 m. This is not out of keeping with
measurements from the 1857 rupture. Maximum displacements reach 2.5 to 3 AD. We will be
pursuing research to limit extremes in rupture displacement variability.
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Figure 5. Probability of displacement on the 1
UCERF3 fault trace at CAAWest given that an
earthquake ruptures there. Displacement axis
has been limited to preserve overall plot scale.
Dashed line has no displacement variability; other

lines come from five subsets of the strike-slip ‘@D
(SS) data as indicated in the legend. ‘;
Annual rates and return times E

Displacement probabilities conditioned on event
occurrence (Figure 5) are useful for scenario
planning, but actual annual rates of occurrence of
the displacement are needed for benefit-risk
estimation. Time-independent annual rates as a
function of displacement can also be estimated Displacement D,

from UCERF3 results (Figure 6). At the smallest displacements, the rate (or return time)
represents the UCERF3 rate for any ground rupture. Return times are relatively similar up to ~6
m, with significantly decreased rates for large displacements. Still displacements of 8.4 m are
expected with 1000 year return times.
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Laaa = S | of displacements at the CAAWest site. Blue line
BN assumes the analytic rupture shape only. Red line
includes length-consistent variability “fuzzing”.
Displacements of 8.4 m are predicted about once
per 1000 years at the site.
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Displacement (m) Observations from repeated fault displacements at
a point suggest a greater degree of consistency in
Displacement Return Times, Sub. 1833 displacements than from displacement profiles in
. _ general. Hecker et al. (2013) find a log sigma
' | variability in point displacement of ~0.5 based on
paleoseismic and geologic estimates. We plan to
estimate the variability in the UCERF3 rupture set,
and may find a basis for adjusting downward the
weight given largest ruptures. Although out of
scope for this work, future UCERF iterations may
place less weight (i.e., compared to Figure 2) on
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Conclusions

UCERF3 defines the state of practice in terms of California earthquake forecasts, so going
forward, the ability to use these results is likely to be of interest to utility owners and engineers.
Well-posed probability distributions for on-fault surface rupture displacements can be formed
directly from the UCERF3 results. These probability distributions comprise an essential input for
performance-based engineering assessment for resilience applications. Because of the structure
of UCERF3, these results are in one sense simpler than previous PFDHA practice, being obtained
without resorting to scaling relations, floating ruptures, or other assumptions about rupture
configuration on the fault. Although not shown here, epistemic uncertainty in fault slip rate is
readily included. San Andreas fault crossings can expect large median displacement hazard
estimates, in part because the SAF is southern California’s largest fault, and in part because of
the relatively higher weighting on large earthquakes in UCERF3. The west California Aqueduct
crossing conditional Dso estimate of 6.2 m could present a significant challenge for engineering
mitigation. Future developments may point to ways to reduce some upper estimates of potential
displacements.
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Engineering Implementation of the Results of a Fault Displacement Hazards Analysis

Jonathan D. Bray, Ph.D, P.E., NAE
University of California, Berkeley

Insights from field observations of surface fault rupture are discussed with special emphasis on
describing how ground movements resulting from surface faulting affect structures. Recent
experimental and analytical studies of the interaction of surface faulting with structures are
presented. Findings from the field, experimental, and analytical studies identify effective design
strategies which can be utilized to mitigate the hazards associated with surface faulting. These
design measures include establishing non-arbitrary setbacks based on fault geometry, fault
displacement, and the overlying soil; constructing earth fills, often reinforced with geosynthetics,
to partially absorb underlying ground movements; using slip layers to decouple ground
movements from foundation elements; modifying the ground to deflect the majority of the
movement, and designing strong, ductile foundations that can accommodate some deformation
without compromising the functionality of the structure.



Constraining Co- and Post-Seismic Shallow Fault Slip with Near-Field Geodesy and
Mechanical Modeling

Ben Brooks
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The nature of earthquake-related fault slip in the shallowest portion of Earth’'s crust is still very
poorly known. Without better quantification of shallow fault slip, we are likely limiting not only our
understanding of fundamental fault-slip physics but also seismic hazard associated with near-
surface rupture. If, for instance, near-surface vertical gradients in fault slip are non-negligible
and it is assumed that surface observations of fault-parallel displacement are equivalent to slip
across a fault at shallow depths, then slip rates used in probabilistic seismic hazard
assessments could be underestimated. Similarly, the contribution of ‘off-fault deformation’ to a
slip event (either co- or post-seismic) is critical in terms of accurately assessing shallow fault
slip. However, studying shallow fault slip any deeper than the few meters typically exposed by
trenches has been limited by sparse geodetic observations in the near-field (within ~1 km) of a
fault's trace. Recently, a new generation of near-field geodetic imaging techniques is filling in
the observational gap and providing unprecedented, spatially dense, near-field observations.
Although these data permit strikingly detailed observations of near-field surface displacement
fields, inferring shallow fault slip requires mechanical and dynamic models of the shallowest
100-200 meters of Earth's crust. Here, we discuss some of the practical aspects faced with
analyzing the new wealth of near-field data. We discuss generally how different shallow material
properties (cohesion, angle of internal friction, fault friction) are expected to affect near-field
geodetic data as well as conceptualization of off-fault deformation. We report specifically on
Mobile Laser Scanning studies of the principal surface disruption trace associated with the
August 2014 M6 South Napa Earthquake. We use an elastic model to invert the surface
displacements of deformed vineyard rows for a model that simultaneously constrains both slip
and depth of slip. Combined with evidence from trenches, we find that despite its classification
as a ‘surface-rupturing’ earthquake slip did not breach the surface but, rather, terminated at
varying depths along strike from ~3 to as much as ~25 meters. Estimated slip values can be
significantly greater than observed surface offset of vine rows (made by tape measure, for
instance), especially where the fault tip is deepest. Finally, for buried faults, we show that
previous metrics of ‘off-fault deformation’ do not accurately assess the amount of plastic and/or
distributed brittle faulting associated with a specific fault: for the South Napa event, however, it
appears there is minor off-fault deformation associated with the principal rupture.



Surface rupture in the 2016 Earthquake Sequence in Central Italy
Francesca R. Cinti*
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Starting from 24 August 2016, a normal faulting earthquake sequence characterized by multiple
mainshocks severely struck Central Italy. Following a Mw6.0 earthquake (Amatrice mainshock, 24th
August), a Mw5.9 (Visso mainshock, 26th October) occurred about 25 km to the north, and after four
days the sequence culminated with a Mw6.5 event (Castelluccio mainshock, 30th October) located in
between the previous two. The three events nucleated within 8 km of depth and ruptured different
portion of the same fault system, the Mt.Vettore-Mt. Bove fault system. Thousands of observations of
different types of coseismic geological effects were recorded within a ~1000 km? wide area during the
two months of intense seismicity. Among these several data of the coseismic ruptures along the faults
of the sequence area have been collected by the Emergeo team also in collaboration with National
and International Universities and Research Centers. Although the data survey and analysis are still
ongoing, based on the ruptures characteristics, distribution and displacement amplitudes, we may
infer that: - the Amatrice Mw6.0 event produced about 5 km long primary normal surface faulting with
an average surface vertical displacement of 0.13 m along the southern portion of the Mt. Vettore-Bove
fault system; - the Visso Mw5.9 event produced ruptures along different northern fault splays of the Mt.
Vettore-Bove system, with vertical displacement locally in the range of 0.6-0.8 m. Data relative to this
major event are incomplete being soon overprinted by the immediate M6.5 mainshock; - the
Castelluccio Mw6.5 mainshock produced about 20 km of primary normal surface faulting along the Mt.
Vettore-Bove system. The rupture run along fault splays, previously “locked”, in the central portion of
the system and partially overlapped with the Amatrice and Visso ruptures, increasing the amplitude of
the displacement. The amount of offset measured on the eastern fault splay locally exceeds 2 m,
however the general trend along the southwest-dipping faults is around 0.8 m. Also antithetic faults
belonging to the fault system ruptured with vertical displacement exceeding the 0.5 m. The distribution
analysis of the data is in progress.

The earthquake fault rupture has been structurally controlled by pre-existing lineaments inherited by
the past compressional tectonics. These latters are responsible for the fault segmentation in the
central Apennines. Then, we have a strong confirmation that a key to unravel the anatomy of the
normal faults possibly responsible for magnitude earthquakes ranging between 5.5. and 7.0 in such
environments requires detailed fault survey and paleoseismic data. Finally, the 2016 Central Italy
earthquake sequence is a case of study that has been seldom observed so far and definitively
provides new data and insights, also for supporting a worldwide surface faulting database (SURFACE
- SURface FAulting Catalogue Earthquakes, INQUA project 2016-2019).



Variation in earthquake surface rupture characteristics across intraplate Australia
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Geometries for over 350 Quaternary-active faults are captured in the Australian
Neotectonic Features Database (Clark et al., 2012) (Figure 1). Of these, eight relate to
historic ruptures and only a handful have been the subject of palaeoseimological
investigation to determine seismic source parameters such as earthquake magnitudes
and recurrence characteristics. Despite this, variation in fault scarp length, vertical
displacement, proximity to other faults and relationship to topography permits division of
the continent according to seismogenic character/potential. Six onshore “neotectonic
domains” are recognised, with an additional offshore domain proposed by analogy with
the eastern United States. Each domain relates to a distinct underlying crustal type and
architecture, broadly considered to represent cratonic (Precambrian), non-cratonic
(Phanerozoic acretional terranes) and extended (e.g. aulacogen, passive margin)
environments (Figure 1). In general, greater topographic expression associated with
faults occurring in extended crust relative to non-extended crust suggests a higher rate
of seismic activity in the former setting, consistent with observations worldwide (e.g.
Talwani, 2014). Using the same reasoning, non-cratonic crust might be expected to have
a higher seismogenic potential than cratonic crust. These observations are consistant
with models relating seismogenic potential to lithospheric thickness (Mooney et al.,
2012).
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Figure 1: Neotectonic features from the Australian Neotectonic Features database (red
lines) overlaid onto the neotectonic domains model of Clark et al. (2012), shaded to
emphasise cratonic and non-cratonic domains.

The variation in rupture characteristics directly influences how fault rupture hazard might
be assessed. In the cratonic parts of the continent, ruptures are short (<50 km),
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isolated, and often very complex in plan form (Figure 2a). Scarps are very modest in
height (<10m in Archaean, <20 m in Proterozoic), indicating either that uplift rates
commensurate to the very low erosion rates, or that strain localization on individual faults
is transient. Evidence for a maximum of four events, and more commonly one to three
events, has been observed from individual faults over Quaternary timescales (Clark et
al., 2008; Clark et al., 2011; Crone et al., 2003; Crone et al., 1997; Estrada, 2009;
Whitney et al., 2015). All of the eight historic surface rupturing earthquake events (Table
1), including the May 215t Mw6.0 Petermann Ranges earthquake, occurred on faults that
could not have been mapped using topographic signature prior to the event. The
dominance of ‘one-off’ ruptures in unanticipated places is consistent with recently
published intraplate seismicity models where ruptures partially deplete a long-lived ‘pool’
of lithospheric stress, triggered by transient stress perturbations (Calais et al., 2016;
Chéry & Vernant, 2006; Clark, 2010; Liu & Stein, 2016; So & Capitanio, 2016).

MTE"S5E 1"7T0E M7°5E

Figure 2: Cratonic versus non-cratonic rupture characteristics. (A) the ‘one-off’ 1968
Ms6.8 Meckering scarp, (B) the pre-historic ~200 m high Lake George fault scarp.

There have been no earthquakes associated with surface rupture in the non-cratonic
and extended parts of Australia in historic times, and Holocene ruptures are yet to be
discovered. This is despite abundant evidence for strain localization on Quaternary-
active faults in these crustal types. Total Pliocence to Quaternary uplift across individual
structures can be up to several hundred metres (Clark et al., 2012; Figure 2b).
Paleoseismological studies of key faults indicate that slip is not distributed evenly
through time (Clark et al., 2014a; Clark et al., 2015; Clark et al., 2012). Active periods
lasting a few tens of thousands of years and involving a few tens of metres of uplift can
be separated by hundreds of thousands to a million years of quiescence. Compared to
cratonic areas, scarps are simpler in form (Figure 2b, perhaps partly an artefact of their
age?), are longer (in some cases exceeding what might be expected of an Mmax
rupture), and are arranged into networks and belts of Quaternary-active structures.



Maximum single event uplift values are in the order of 2 m and rarely up to 4-7 m. Work
continues to define appropriate magnitude frequency distributions to describe rupture in
‘active’ periods. For example, might an Omori's law-style decay curve be more
appropriate than a Gutenberg-Richter or Characteristic model (cf. Liu & Stein, 2016)?

Table 1: Historic events known to have produced surface rupture in Australia (after Clark

et al., 2014b).

Earthquake Year Magnitude SRL v.d.
(Mw) (km) (max: m)

Meckering 1968 6.58 37 2.5

Calingiri 1970 5.46 33 04

Cadoux 1979 6.13 14 14

Marryat Creek 1986 5.74 13 0.9

Tennant Creek’ 1988 6.76 36 1.8

Katanning 2007 4.73 1.26 0.1

Ernabella 2012 5.37 1.5 0.5

Petermann Ranges 2016 6.10 20 1.0

* The Tennant Creek surface rupture was produced by 3 events in a 24 hr period.

In this context, fault rupture displacement hazard might only meaningfully be defined in
non-cratonic and extended parts of the continent where earthquake recurrence on
individual structures is probable. Until a surface rupture is experienced in this setting,
near field fault displacements and scarp complexity must be assessed using paleoscarp
data, or through use of global analogues (e.g. Crone et al., 1997). Developing an
understanding of fault displacement hazard is important to Australia’s sustainability and
future development as the crustal types where fault rupture recurrence might be
expected support the bulk of Australia’s population and infrastructure.

© Commonwealth of Australia (Geoscience Australia) 2016
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Fault displacement hazard at natural gas storage fields-a future research and regulatory
direction.

Thomas L. Davis
Geologic Maps Foundation, Inc.

Gas fields, Aliso leak, fault hazard, and regulatory direction: In the US over 400 natural gas
storage fields supply nearly one-third of our nation’s energy needs. That share is expected to
grow in response to low-carbon fuel demands driven by climate change concerns, ample domestic
supplies, and recent regulations. Natural gas (methane) provides fuel for electrical generation and
heating and is often described as the low carbon bridge fuel from carbon intense coal and oil to
renewables. While underground gas storage fields add flexibility to our energy system by
providing ample supplies during periods of high demand they keep energy costs low by buying
and storing during periods of low demand. As with most energy sources, natural gas comes with
its own set of challenges: for example, the largest methane leak in US history recently occurred
at the Aliso Canyon Gas Storage Field (ACGSF, aka Porter Ranch), California. Taking almost
four months to control, the ACGSF leak demonstrated the difficulty of stopping an underground
leak from one well in a pressured and large volume storage field. The leak underscores the need
to evaluate all hazards and risks to gas storage fields and wells to avoid future environmental and
societal damage, and the disruption of a needed source of energy and the waste of a valuable
resource. The American Petroleum Institute RP 1171 (API 2015), that is guiding State of California
and Federal new rule-making states "Depleted hydrocarbon reservoirs are candidates for natural
gas storage because the reservoir integrity has been demonstrated over geologic time by
hydrocarbon containment at initial pressure conditions.” True, but gas wells at storage reservoirs
have not existed over geologic time. A hazard such as fault displacement across a high pressure
gas well during an earthquake could result in the rapid release of large volumes of methane to
the atmosphere. If fault displacement is across many wells there is the potential for a methane
release of much greater magnitude and difficulty to control than the recent leak at the ACGSF. In
response to the ACGSF leak new recommendations, rulemaking, and policies for gas storage
fields are being discussed and proposed at the industry advisory, State, and Federal levels in
order to prevent the recurrence of such an event. While this direction is useful it is focused on
well design and integrity, but a broader approach is needed where fault displacement hazard and
risk are identified and evaluated. For example, in California several large gas storage fields,
adjacent to urban areas, are developed across or close to potentially active faults capable of
generating moderate to large earthquakes with up to several meters of fault displacement, yet the
seismic risks to gas well integrity, the environment, and the nation’s energy supply are poorly
understood. Fault displacement hazard analysis (FDHA and PFDHA; Youngs, et al., 2003; Wells
and Kulkarni, 2014 ) with its emphasis on the quantification of the distribution and variation of fault
displacements, site-specific probabilistic analysis, design of infrastructure, and risk assessment
could play a very important role in evaluating the safety of natural gas storage fields-if the
approach is modified for the subsurface setting and gas well design. Incorporation of FDHA into
risk evaluations of gas fields and wells will probably require changes in the State and Federal
regulations given the past lack of attention to this hazard. For instance, there is no public record
of the operator at ACGSF, the Southern California Gas Company, or the State regulators of wells
and gas fields, the California Division of Oil & Gas (DOGGR) and the California Public Utilities
Commission, recognizing or evaluating the fault displacement hazard to the gas storage field and
wells by the Santa Susana fault (SSF). Yet the SSF’s existence and location within the ACGSF



and prior oil field has been known to geologists since the late 1930s, and the California Geologic
Survey’s mapping shows that a segment of the fault, that is within a few kilometers of the field,
ruptured the surface during the 1971 Sylmar earthquake (MW=6.4-6.7), and the surface segment
of the fault closest to the ACGSF has had Holocene movement. This lack of attention is now
addressed in proposed regulations by DOGGR that will require the operator to identify hazards
and submit a risk management plan that includes mitigation, and adding FDHA could fill a key
safety and environmental need. On the Federal level, the passage in June 2016 of the US PIPES
Act provides a two year open window for technical input and to influence new nation-wide
regulations being formulated by the Pipeline and Hazardous Material Safety Administration
(PHMSA) for natural gas storage fields. Inclusion of FDHA into Federal regulations would provide
a uniform environmental and safety standard across the nation. PHMSA already has regulations
and guidelines for surface gas pipelines crossing potentially active faults (PHMSA, 2011) and
extension of that role to the subsurface makes sense given the much more difficult work of
controlling leaks from gas wells compared to surface pipelines.

ACGSF example: The ACGSF leak not only shows the impact of a lengthy, uncontrolled gas flow
from just one well adjacent to an urban area (DOE, 2016), but it also focuses attention on the fault
displacement hazard along the SSF (DOE, 2016, pg 61). It should be noted that the ACGSF leak
is probably the result of casing corrosion pending on-going investigations and probably not due
to movement on the SSF as no other wells crossing the SSF leaked, and there was no nearby
earthquake at the initiation of the leak. Following are some of most significant impacts of the leak
as of July 2016 (Harris and Walker, 2016): ~8,000 residents were relocated, ~ 5 Bcf of methane
released to the atmosphere, operator has spent $550 MM dealing with the leak, 25 + class action
suits against the operator were active, and the substantial cost of the lost commodity (methane).
During the leak numerous surface control attempts failed (top kills) and aggravated the leak that
went from 2.0 to 25-60 MMcfd (DOE, 2015), and the leak was finally stopped by a relief well that
took over two months to drill.

The Santa Susana fault displacement hazard: The conclusion that the SSF is a displacement
hazard at the ACGSF is based on the following (Davis, 2016): 1) All of the 114 Aliso Canyon gas
storage wells that were active in 2015 intersect the SSF. 2) Many of the fault intersections are at
shallow depths (less than 500 m below the surface) and there are several potential conduits for
gas migration to the surface from a damaged high pressure gas well: the strata from just above
the SSF to the surface are highly-fractured and dominated by vertical fracture sets; the SSF zone
is a thick band of shear-fractures that comes to the surface near the Porter Ranch community;
and the Aliso leak showed that gas can flow to the surface just outside of the well casing. 3) The
California Geologic Survey (CGS) recognizes, via the Alquist-Priolo Act (AP), that the SSF's
eastern segment is an earthquake and fault-rupture hazard based on surface offset during the
1971 Sylmar earthquake. 4) The various slip rate estimates for the SSF are high. The 2015 Third
Uniform California Earthquake Rupture Forecast, or “UCERF3,” slip average is 2.9 mm/yr for the
SSF. Yeats (2001) concludes the SSF has had 4.9-5.9 km of slip during the last 600,000-700,000
years that yields the exceptionally high slip-rate of 7.0-9.8 mm/yr (roughly 1/3 to 1/2 the
convergence rate of the entire western Transverse Ranges, Namson and Davis, 1988). 5)
Additionally to the west and east the SSF merges with the active Oak Ridge and Sierra Madre
faults respectively. The recurrence time of fault movement on the SSF is presently unclear due to
its poor surface exposure, extensive landslide deposits covering much of the fault zone, a wide
and complex shear zone with two major splays, and limited fault trenching-all of which constrain
surface-based paleoseismic knowledge.



Mitigation: DOGGR’s proposed rulemaking requires the operator to submit a risk management
plan that includes risk mitigation. In general the mitigation options are limited at ACGSF and
probably at other gas fields subject to fault displacement hazard: 1) As demonstrated by the
ACGSEF leak there is no quick and easy way to draw-down the pressure and volume of a gas
storage field that has a sizable downhole leak. 2) Control of the leaking well (SS-25) took over
two months, and required drilling of a relief well and a backup well. 3) Installation of downhole
shut-off valves (DHSVs) on wells have been proposed at the ACGSF and other fields but the
reliability of these valves is unclear especially during a nearby earthquake, and DOE and DOT
have recommended doing a cost and benefit analysis of DHSVs (DOE, 2016). 4) The location of
the ACGSF adjacent to urban areas of Los Angeles increases the societal impact if SSF
displacement and well shearing occur plus adding an enormous legal and financial obligation to
the operator.

Summary and Policy: Society can't fix a problem by ignoring or discounting it and now is the
time for the geologic community to influence new regulations being considered for the safety of
gas storage fields and wells. The SSF is a recognized and regulated fault rupture hazard at the
surface with a high slip rate, and if the SSF is a rupture hazard at the surface it is also a rupture
hazard in the subsurface. All of the wells at the ACGSF cross the SSF and their shallow fault
intersections might allow for a massive gas leakage to the surface if SSF displacement were to
shear the wells. A FDHA is needed for proper fault risk assessment and mitigation plans at the
ACGSF. The California Geologic Survey via the Alquist-Priolo Act regulates surface construction
on and near potentially active surface faults in California and that statutory and regulatory role
should be extended to subsurface fault rupture hazards. The new DOGGR Discussion Draft that
identifies active faults as a hazard to gas storage wells is an important step. The California Public
Utilities Commission (CPUC) regulates gas utilities' transmission and distribution pipeline systems
that includes gas storage fields but its regulatory role in regard to fault displacement hazard is
unclear. APl RP 1171 (API, 2015) is useful but should be revised to include more guidance about
fault displacement hazard and risk in seismic prone regions. PHMSA does not currently have
regulations addressing underground storage, but has statutory authority over interstate and
intrastate underground storage facilities (PHMSA, 2011). The 2016 PIPES Act requires PHMSA
to issue, within two years, minimum safety standards for underground natural gas storage
facilities. The Act allows states to adopt more stringent safety standards for intrastate facilities, if
such standards are compatible with the minimum standards prescribed in the Act. Seismically
active states like California should adopt standards dealing with the fault displacement risk at gas
storage fields that require implementation of FDHA even if they are above the future minimum
federal standards. Regulators and operators will find FDHA useful in determining whether it is
safe to site gas storage fields across or near potentially active faults and reassuring the public of
their decisions. Finally, there is an important role for petroleum geologists and the oil and gas
industry to play in fault displacement hazard analysis and regulatory advice for gas storage fields
and more broadly for earthquake hazards evaluations by virtue of their unique subsurface
expertise and familiarity with deeper data sets and modern mapping and structural techniques.
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Fault rupture observations from the most recent and prior events along New Zealand's Alpine
and Greendale Faults

Gregory De Pascale
Department of Geology and CEGA
University of Chile, email: snowyknight@gmail.com

New Zealand (NZ) is actively deforming and on September 4, 2010 the previously unknown and slow-
slipping Greendale fault ruptured during the Mw 7.1 Darfield earthquake and NZ observed it's first 21
Century surface rupture. This rupture was the first of a series of perhaps interconnected major
earthquakes and surface ruptures along dextral and reverse faults along the Eastern South Island
(2010 to present) leading to the major November 2016 Mw 7.8 Cheviot earthquake (~120 km away
from 2010's Darfield event). Although analysis of this most recent event is currently underway, much
can be learned through observations from the Greendale fault and along the fast-slipping nearby plate
boundary Alpine fault. Importantly, although the Alpine fault is NZ's fastest slipping crustal fault, it
appears to have not had a surface rupture since 1717 (~300 years; Wells et al., 1999). A combination
of a recent rupture (i.e. the Greendale fault) and improving technology and methods (e.g. lidar),
combined with field mapping along previous ruptures provides us with informative examples to better
understand fault displacement hazards.

The dextral-reverse Alpine Fault on the South Island of NZ is the clear onshore manifestation of this
plate boundary (Wellman, 1953) and accommodates 50-90% of the 39.7 + 0.7 mm/yr relative motion
across the plate boundary (De Mets et al., 2010; Sutherland et al., 2007) along its central and
southern sections (Norris and Cooper, 2001; Barnes, 2009). It has the largest documented
displacements of bedrock terranes on Earth (Lamb et al., 2016) with ~700 km over 25 Ma (or ~28
mm/yr). Prior to this work (e.g. De Pascale and Langridge, 2012; De Pascale et al., 2014; De Pascale
et al. In Revision), there was little known about surface rupture characteristics and widths of
deformation partially due to difficult terrain and extensive temperate rainforest cover. Digital
topography is critical to our increased understanding of the Alpine fault. A digital elevation model
(DEM) was derived from a 34 km-long, one kilometer-wide, airborne lidar survey flown in 2010
(Langridge et al., 2014). Fault traces and geomorphology were mapped using this DEM. Details on the
collection, processing, and metadata of this dataset are outlined in Langridge et al. (2014). Analysis of
these lidar-derived digital topography data combined with field observations allowed the discovery and
guantification of previously unrecognized dextral offsets (De Pascale et al., 2014). The average
surface dextral displacements (along one main fault trace) during the most recent event (in 1717) was
7.1 + 2.1 m, and through a compilation of all of the published offsets along the alpine show consistent
offsets of ~ 5 to 9 m along a minimum of 380 km section of the fault (Wells et al., 1999; De Pascale
and Langridge, 2012; De Pascale et al., 2014). Based on data limitations and uncertainties regarding
dextral offsets, the possibility that smaller ruptures (moderate to large partial ruptures) along the fault
cannot be ignored, but that larger displacements (from 5 to 9 m dextral) should be expected.
Regarding widths of deformation along the Alpine fault, again the lidar DEM dataset is of huge value.
Near the Whataroa River, through a combination of DEM analysis (i.e. profiling and mapping)
combined with field observations, the Alpine fault has multiple, sub-parallel active traces that are
~250-300 m apart at the surface (De Pascale et al., In Revision). Deformation along these traces
appear quite localized, however due to the resolution of the lidar data, having additional traces that do
not carry significant slip, but are present between the main traces of the fault is possible. Uplift
appears to accommodated along the outboard thrust-related traces along the Alpine fault and most of
the strike-slip deformation occurs along inboard traces. Because of uncertainties in the data, due to
dense vegetation and cover of fault traces by debris-flows and alluvium, defining a first-order fault
displacement exclusion zone (i.e. where the potential for surface ruptures is extremely low) would be
within a zone no less than 500 wide along the Alpine fault based on this new analysis. Due to the
Southern Alps range-front bounding nature of the Alpine fault, and based on the extensive expected
landslides and rockfall here (Robinson et al., 2016), the overall hazard along the range-front of the
Southern Alps is both from surface rupture hazards along the fault in addition to rockfall, landslides,
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debris flows and rock avalanches that will certainly impact much of the area surrounding active Alpine
fault traces.

During field mapping along the Alpine fault, the first outcrop and scarp of the South Westland Fault
Zone (SWFZ), a system of northwest-west vergent reverse/thrust faults in the footwall of the Alpine
fault, was discovered (De Pascale et al., 2016). Although the SWFZ is 300 km long and has evidence
for 3500 m of dip-slip displacement it was unknown if it was active. Though a combination of structure
from motion (SfM), combined with scarp profiling using a GPS and total station surveying of key units
allowed important insight into key fault displacement hazards. Importantly the displacement from the
most recent event at this site is 1.2 m £ 0.1 m (0.5 m £ 0.1 m throw) alluvium thrust over the youngest
silt overbank (or loess) deposit. The alluvium overthrusting silt near the top of the exposure is
coincident with the up to the southeast ~ 0.7 m to 1.1 m high scarp (possibly degraded from farming)
along the terrace at the top of the exposure. Finally our survey of the unit contacts shows gentle
anticlinal, hanging wall folding within 170 m of the scarp and demonstrates the combination of folding
and faulting as hazards in thrust faults adjacent to the Alpine fault.

Greendale fault ruptured in September 2010 during the Mw 7.1 Darfield earthquake and generated a
29.5 = 0.5-km-long surface rupture (Quigley et al., 2012) as observed from lidar-derived topography
with surface ruptures displacing a number of linear features (hedgerows, roads and railroads), in
addition to houses and provided excellent markers for displacements. INSAR line-of-sight
displacement field indicated a rupture of around 45 km (Elliott et al., 2012). Fault-zone trapped waves
(FZTWSs) recorded from a seismic array crossing and on the Greendale fault suggests that the
Greendale fault rupture zone is up to 200-250 m wide (Li et al., 2014) and is consistent with surface
deformation width (e.g. Quigley et al., 2012). Maximum dextral displacements were 5.3 £ 0.5 m with
average dextral displacements of 2.5 + 0.1 m based on field and lidar data (which are ~ 25% greater
than expected than regressions would suggest, e.g. Wells and Coppersmith, 1984; Wesnousky, 2008,
which means that the shorter surface rupture here produced larger displacements than expected), with
a width of deformation from 30 to 300 m wide (Quigley et al., 2012).

Finally, although not often considered as part of a fault displacement hazards, the headscarps of
lateral spreads (i.e. normal faults), which were extremely common during the main aftershocks of the
Darfield Earthquake (including the Feb 2011 Christchurch NZ Earthquake) and are a coseismic
phenomena, deserve mention. These steeply dipping normal faults were observed at a number of
sites within Christchurch with major impacts on infrastructure built over these incipient headscarps.
Because these lateral spreads form normal faults at their upslope margins, and because these normal
faults form displacement hazards, these “special case” faults should be also considered in regards to
rupture displacement hazard. Although they form due to slope stability reduction during lateral
spreading due to liquefaction, these displacement hazards are not currently well-represented in either
the lateral spreading literature (or guidelines; e.g. the 2016 NZ Guidelines for Earthquake Engineering)
or within the fault displacement literature, but should be considered, certainly for critical facilities or for
lifelines.

Importantly two of the NZ faults mentioned here (i.e. the Greendale and SWFZ) were poorly mapped
or unknown prior to a recent rupture or field identification. It therefore prudent to recall that it is
impossible to understand fault displacement hazards along a fault zone if the fault zone is unknown or
poorly mapped. In particular areas where geomorphic surfaces are modified through human use (e.g.
farming in Canterbury or perhaps California's or Chile's Central Valleys), or are obscured due to dense
vegetation (e.g. parts of NZ, the Pacific Northwest of North America, Indonesia or Patagonia) there are
likely faults with displacement hazards that are under appreciated. Better mapping both in the field and
when using lidar data in places where vegetation is an issue, SfM data (when vegetation is not an
issue), and combined with subsurface geophysical data may provide insight into the presence or
absence of potentially active faults. After these are identified, further fault characterisation can take
place. In terms of pitfalls regarding fault displacement hazards, besides not mapping or acknowledging
potentially active faults, if we overestimate slip-rates and displacement hazards along some structures



that we know to be active, than we may be underestimating the hazard posed by adjacent and
perhaps low-recurrence (although active) faults. This ultimately reminds us that if we stay focused on
the big players (e.g. Alpine or San Andreas faults), we may miss the lower-recurrence but also high-
consequence ruptures along subsidiary faults.
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A New Technique to Measure 3D Slip Vectors from High-resolution Topography, Applied
to Photogrammetry of Historic Ruptures
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The modern prevalence of high resolution digital topography offers literally a new dimension
in our ability to measure geomorphic fault displacements. Not only can we detect distributed strain
and off-fault deformation from 2-dimensional maps of displacement fields, but full 3D
representations of offset markers provide constraints on feature reconstruction that improve the
guality and may increase the number of discrete offset measurements along a fault surface-
rupture. Conventional methods of measuring offsets using linear markers and topographic profiles
face severe limitations when faults dip shallowly, or when the slip vector and/or fault attitude are
highly oblique to the topographic surface. We present a new method to measure 3D displacement
vectors that exploits the sensitivity of offset measurements to surface orientation and fault attitude,
even in the absence of clear piercing points. We employ photogrammetrically derived high-
resolution digital elevation models to map detailed, well preserved surface breaks from two
historic earthquakes in Central Asia-- the 1932 M7.6 Changma earthquake in western China, and
the 1889 M8.3 Chilik earthquake in southern Kazakhstan. We use this new method of measuring
orthogonal offsets of multiple adjacent surfaces to measure the ratio of vertical to horizontal fault
slip at sites along these ruptures where individual piercing points are absent or only weakly
defined.

The conventional use of topographic profiles to measure vertical fault offset (fault throw) relies
on a set of assumptions that consider a few common factors negligible: the absence of oblique
slip, the coincidence of slope direction and fault normal or slip direction, and a modest topographic
slope. Similarly, measurements of horizontal offset rely largely on 1-dimensional linear features
that produce singular piercing points, constraining only the component of slip orthogonal to the
feature in question unless fault attitude is independently known and fault-normal motion is
accounted for. In traditional geomorphic studies of fault slip, sites are preferentially selected that
roughly adhere to these simplifying assumptions (e.g., investigators often avoid measurement of
offset at sites that suffer from unknown fault geometry or high feature-to-fault obliquity), curtailing
the amount of data that can be easily collected using conventional methods. High resolution digital
topography affords us the ability to 1) constrain the uncertainty in measured offset introduced by
the confounding effects of slope-fault-offset geometry, and 2) measure more robust feature
displacements in three dimensions using the apparent offsets of multiple markers on a single
geomorphic feature.

Mackenzie and Elliott (in review) presents analytical comparisons of fault throw measured
from 2D profiles versus real fault throw for a variety of fault—slope—slip-vector configurations. The
resulting relative errors, plotted in dip—rake—hillslope-angle parameter space, illustrate the
sensitivity of 2D offset measurements to the relative geometries of the fault, the topographic
surface, and the slip vector. These results formalize the permissible boundaries of fault dip,
surface aspect, and oblique slip ratio from which profiles can be measured that will not be



contaminated beyond a given uncertainty by geometric artifacts. Within this framework we
develop a Monte-Carlo analysis of uncertainties in fault, slope, and slip geometry which we
propose should accompany any slip measurement made from a 2D topographic profile.

We can expand our offset-measurement methodology beyond two dimensions, however, by
exploiting the change in apparent offset with changing marker geometry along a fault. Ambiguities
in oblique offset or from oblique surface-fault geometry may be eliminated by incorporating
apparent offsets measured on multiple different sides of a landform. Combining multiple pairs of
correlative offset surfaces that represent different parts of the same landform (e.g., different flanks
of a moraine, banks of a channel, or local faces of a conical alluvial fan) can uniquely define the
offset vector in three dimensions. Each individual offset surface pair gives only the component of
separation orthogonal to the surface, but if the slip vector is assumed to be uniform across the
feature of interest, differently oriented offset surfaces on the same feature will incrementally
constrain the offset in additional dimensions. We developed a method that calculates a 3D slip
vector based on three or more pairs of correlative offset surfaces imaged with high resolution
topography. We propose using this approach where the assumptions of conventional, profile-
based offset measurement methods are violated.

The efficacy of the method is illustrated by comparison to contemporary studies of recent large
surface rupturing earthquakes, and | show how the approach may be applied to measurements
of fault slip of any age with examples from the enigmatic historical Central Asian earthquake
ruptures of 1889 and 1932. Recent high-resolution satellite imagery permits detailed mapping of
these fault ruptures. Despite well preserved traces and large scarps, each of these earthquakes
exhibits a confounding variety of slip senses. In the absence of independently known fault
attitudes and slip sense, measuring offsets requires our inherently 3D approach to account for
unknown amounts of convergence and the ambiguity between surface aspect and oblique-lateral
slip.

We encourage the use of this full geometric uncertainty analysis for measurements of fault
throw from profiles across faults with any sense of obliquity, and we recommend measuring
multiple related surface offsets instead of individual line-markers when simple geometric
assumptions are violated.
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Case Study of the Analysis and Design of Bridge Foundations Intersected by Active
Faulting

James Gingery
Kleinfelder

A case study involving the performance based analysis and design of rail road bridge foundations
intersected by active faulting is presented. The basis for the surface fault rupture design
scenarios is briefly discussed, including paleoseismic field investigations, and deterministic and
probabilistic fault displacement hazard analyses. Analyses were conducted using three-
dimensional nonlinear finite difference numerical models that were inclusive of all the bridge
foundations, the soils and rock in the vicinity of the foundations, and the fault traces. Offsets were
applied at the model boundaries pseudo-statically, and the resulting soil and pile responses were
calculated. The pile response was sensitive to the depth at which the fault intersected the pile,
with the most severe loading occurring when the fault passed within approximately the middle 1/3
of the pile length. The analysis showed that the CIDH piles were capable of undergoing significant
ductility while maintaining support of the bridge loads without collapse. Observations are made
on the challenges of applying FDHA results in foundation engineering.
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1 Introduction

In IAEA Specific Safety Guide (SSG)-9 (INTERNATIONAL ATOMIC ENERGY AGENCY, 2010),
section 8.10 describes that probabilistic methods for evaluating fault displacement should be used
if no sufficient basis is provided to decide conclusively that the fault is not capable by using the
deterministic methodology described in section 8.3-8.7. In addition, International Seismic Safety
Centre (ISSC) published it as ANNEX of Safety Reports Series No. 85 (Ground Motion Simulation
Based on Fault Rupture Modelling for Seismic Hazard Assessment in Site Evaluation for Nuclear
Installations: IAEA, 2015) to realize seismic hazard for Nuclear Installations described in SSG-9
and shows the utility of the deterministic and probabilistic evaluation methods for fault
displacement in the annex of the safety report. In the SSG-9, two types of fault displacement are
introduced: primary fault and secondary fault displacements. In Japan, New Regulatory
Requirements (Nuclear Regulation Authority, NRA) require that important nuclear facilities shall
be established on ground where fault displacement will not arise when earthquakes occur in the
future. In other words, nuclear facilities important to seismic safety have been prohibited from
constructing on the ground with occurrence of fault displacement. Therefore, it is important to
obtain the-state-of-art knowledge on fault displacement. Under these situations, we need to
develop the evaluation methods for fault displacement of primary and secondary faults. We are
studying deterministic and probabilistic evaluating methods to evaluate the fault displacements
based on tentative analyses of observed records such as surface earthquake faults and near-
fault strong ground motions from inland crustal earthquake accompanied by fault displacements.

2 Deterministic Evaluation Approach

We attempt to estimate fault displacements using slip distributions on source faults dynamically
evaluated based on a characterized source model explaining observed near-fault broad band
ground motions. First, the characterized source models are estimated with forward modeling
using empirical Green’s function method and theoretical method (IAEA, 2015). Second, slip
distributions on source faults are dynamically evaluated based on the characterized source
models. The validity of dynamically constructed slip distributions are examined by comparison of
observed waveforms and synthetic waveforms estimated by dynamic simulation. Referring the
dynamically constructed slip distributions, we study an evaluation method for surface fault
displacement using finite element method and hybrid method, which combines particle method
and distinct element method. For an example, we show the result tentatively developed for the
1999 Chi-Chi earthquake.

3 Probabilistic Evaluation Approach

In the probabilistic evaluation approach, Probabilistic Fault Displacement Hazard Analysis
(PFDHA), there are two types of fault displacement related to the earthquake fault: principal fault



displacement and distributed fault displacement. As mentioned above, distributed fault
displacement should be evaluated in important facilities, such as Nuclear Installations. Youngs et
al. (2003) defined the distributed fault as fault displacement on other faults or shears, or fractures
in the vicinity of the principal rupture in response to the principal faulting. Other researchers
treated the data of distribution fault around principal fault and modeled according to their
definitions (e.g. Petersen et al., 2011; Takao et al., 2013, 2014). Their distributed fault
displacement data exclude some kind of displacement, such as triggered displacement, landslide,
from secondary fault displacement described in the SSG-9. We compiled fault displacement in
and around Japan and constructed the slip-distance relationship depending on fault types.

4 Concluding Remarks

In the current status, the results of the numerical simulation show the surface stress change
strongly depends on the geometry of the fault and the physical property of surface materials. In
the result of the PFDHA, slip-distance relationship of distributed fault displacement (reverse fault)
on the foot-wall indicated difference trend compared with that on hanging-wall, although the fault
displacement data in PFDHA are sparse because we arrange fault displacement data into each
mechanism. We will integrate the both results to better understand the distributed fault
displacement in the future.

Acknowledgment: This research was part of the 2014-2015 research project ‘Development of
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(S/NRA), Japan.
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Quantifying Co-seismic Distributed Deformation Using Optical Image Correlation:
Implications For Empirical Earthquake Scaling Laws And Safeguarding The Built
Environment

Christopher Milliner
University of California, Berkeley

Measurements of co-seismic deformation from surface rupturing events are an important source
of information for faulting mechanics and seismic hazard analysis. However, direct measurements
of the near-field surface deformation pattern have proven difficult. Traditional field surveys
typically cannot observe the diffuse and subtle inelastic strain accommodated over wide fault-
zones, while INSAR data typically decorrelates close to the surface rupture due to high phase
gradients leaving 1-2 km wide gaps of data. Using sub-pixel, optical image correlation of pre- and
post-event air photos, we quantify the near-field, surface deformation pattern of the 1992 M= 7.3
Landers and 1999 M,, = 7.1 Hector Mine earthquakes. This technique allows spatially complete
measurement of the surface co-seismic slip along the entire surface rupture, as well as the
magnitude and width of distributed deformation. For both events we find our displacement
measurements are systematically larger than those from field surveys, indicating the presence of
significant distributed, ‘off-fault’ deformation. Here we show that the Landers and Hector Mine
earthquakes accommodated 46% and 38% of displacement away from the main primary rupture
as off-fault deformation, over a mean shear width of 154 m and 121 m, respectively, with
significant spatial variability. We also find positive, yet weak correlations of the magnitude of
distributed deformation with the type of near-surface lithology and degree of macroscopic fault
zone complexity. We envision additional measurements of future ruptures will better constrain
what physical properties of the surface rupture are important controls on the distribution of strain,
necessary in order to reliably estimate the amount of expected distributed shear along a given
fault segment. Our results have basic implications for the accuracy of empirical scaling relations
of earthquake surface ruptures derived from field measurements, understanding apparent
discrepancies between geologic-geodetic fault slip rates, and developing effective micro-zonation
protocols for the built environment.



Surface Rupture Data and Location Uncertainty in Probabilistic Fault Displacement
Hazard Analyses
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We summarize data, methods, and models developed for probabilistic fault displacement hazard
analyses (PFDHA). We compare earthquake displacement data and empirical fault displacement
models that have been developed for normal, strike-slip, and reverse faults. In general the data
and models are similar near the center of the fault for the three faulting types, but differ near the
ends with the strike-slip data being lower than the reverse and normal faulting data. We also
compare these U.S. models with a Japan model and data. The Japan model is also similar to the
U.S. models near the center of the fault but decays less rapidly near the ends of the fault. In
addition, we discuss impacts of models developed to analyze off-fault strain on secondary faults,
multi-strand displacement hazard, and various mapping quality factors. We show example fault
displacements for a M 7 fault with recurrence of 800 and 1600 years. We conclude that a
deterministic assessment of fault displacements is often higher than the probabilistic
displacements for less active faults with earthquake rupture recurrence that is longer than the
hazard return period of interest. Choosing the appropriate hazard level is a challenging and
important issue when applying PFDHA in engineering applications for buildings, bridges, pipelines,
and nuclear facilities.

An important issue in PFDHA is uncertainty in where surface rupture would occur in future
earthquakes. We illustrate methods to quantify two kinds of location uncertainties (epistemic
uncertainty and aleatory variability). Epistemic uncertainty is associated with the mapping
inaccuracy of existing fault traces. Aleatory variability is randomness in the exact location of future
surface rupture around a previously existing, accurately located earthquake fault. We
demonstrate a GIS-based approach for quantifying epistemic uncertainty using published Alquist-
Priolo (AP) Earthquake Fault Zone maps as an example because AP maps are widely distributed
and routinely referenced in engineering practice in California. Improved surface fault traces are
obtained by careful interpretation of fault features using high-resolution LIDAR and other imagery.
A statistically significant dataset is developed by systematically measuring the distances between
improved and previously mapped traces. To quantify aleatory variability, we analyze paleoseismic
trenches that reveal multiple events at the same site and re-analyze numerous trench logs from
decades of fault investigations for research and development projects. Example fault
displacement hazard maps are shown to demonstrate that estimated probabilistic fault
displacement hazards can be better constrained and are likely reduced if uncertainty due to
mapping inaccuracy can be removed or reduced and if aleatory variability in future surface rupture
location can be quantified.
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Isabella Reservoir is located on the Kern River 34 miles upstream of the City of Bakersfield in
Kern County, California. Isabella Dam has been designated as a Dam Safety Action Class
(DSAC) | project by the U.S. Army Corps of Engineers (USACE), requiring action to reduce
probabilities of failure and associated consequences. Isabella Dam construction began in 1948
and was completed in 1953, and consists of two embankment dams that provide flood control,
water supply, power generation and recreation benefits to the region. The Main Dam is 185 feet
high and 1,695 feet long, and the Auxiliary Dam is 100 feet high and 3,260 feet long.

This paper includes an overview of the dam safety project, and specifically a summary of the
potential risk and dam safety modification design to address the potential for active fault rupture
of the Kern Canyon fault beneath the right abutment of the Auxiliary Dam. Comprehensive
geologic and paleoseismic investigations define a 150-feet-wide zone of active, east-down
faulting in the right abutment of the dam, and show that the Kern Canyon fault has an average
rupture recurrence of 3,200 years and average coseismic displacement of 3.6 feet. This paper
discusses the amounts coseismic slip expected during large, surface-rupturing earthquakes,
which were evaluated based on (1) site-specific paleoseismic data and worldwide empirical data
on event-to-event slip variability, and (2) scenario-based fault displacements using empirical
relationships between earthquake magnitude and surface displacement. The earthquake rupture
scenarios developed from fault-specific paleoseismic and geologic analysis were used to interpret
the expected range of earthquake magnitudes, the frequency of these earthquake magnitudes,
and the annual exceedance probabilities of co-seismic displacement using probabilistic fault
displacement hazard analytical methodology.

The results from the geologic and paleoseismic investigations and analyses helped to inform
design of the size and location of filter and drain zones for the downstream buttress modification
of the Auxiliary Dam. This paper also discusses the design approach to the thicknesses of the
filter and drain layers, considering the possibility of coseismic transverse cracking and resultant
internal erosion and piping of embankment material near the base of the dam. The mitigation
measures are designed to reduce the probability of dam distress from coseismic rupture and
propagation of transverse cracks in the base of the embankment, and therefore to mitigate the
potential failure mode of breach related to fault rupture in the dam foundation.
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50 or 5007 Current Issues in Estimating Fault Rupture Length

David P. Schwartz
US Geological Survey
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The potential rupture length of a fault is a primary input, and an uncertainty, for seismic source
characterization. Rupture length is a critical parameter for estimating earthquake magnitude,
whether used alone, in magnitude-area relations, or in moment magnitude calculations. Lacking
site-specific fault displacement data across a design footprint, which is the case at most fault
crossings, magnitude-displacement scaling relations can yield estimates of slip that can be
manipulated for use in fault displacement hazard analyses.

Most faults of interest have not ruptured historically let alone repeatedly. Defining the future
rupture length of an earthquake source has been a challenge since the beginning of source
characterization in the 1970s, when simple concepts of full fault rupture and half fault rupture were
employed. The question, of course, has always been what is a full fault rupture? The past several
decades have seen source models developed in which faults have been divided into potential
rupture segments that are defined on the basis of fault-specific behavioral data (rupture event
timing, slip rate changes, transitions from locked to creep, microseismicity distribution) and
kinematic variables (steps, branch points, bends, changes in trace complexity). These models,
which are now being termed prescribed segmentation, have produced single and multi-segment
ruptures for use in a broad range of earthquake probability and regional ground motion estimates.
The most recent major study using this general approach is the 2016 source characterization of
the Wasatch fault and associated normal faults of the Wasatch Front in Utah, Idaho, and Wyoming
(WGUEP, 2016).

Alternatively, the 2013 Uniform California Earthquake Rupture Forecast (UCERF 3) (Field et al.,
2014) opted to relax prescribed segmentation. This was guided by a set of rules in which a surface
separation distance of <6km and appropriate orientation to modeled Coulomb stress changes at
fault junctions are the primary factors in permitting fault-to-fault jumps. A set of 350 fault sections
produced 253,706K ruptures, the large majority of which involved multiple faults. Ruptures range
in length from 15km to 1200 km. 15% are <100 km, 45% are 100-500km, and 40% are 500-
1200km. An inversion provides the rate of each rupture, which ranges from 102-108 years. Many
have exceedingly low probabilities within the long-term UCERF 3 geologic model.

Worldwide, since 1850, ~280 surface ruptures in shallow continental crust (all tectonic settings
and a broad range of slip rates) have been recognized. 71% are <49km; 6% (only 17 events)
exceed 150 km, and the longest is 1906 San Francisco (470 km). In California, since 1857, there
have been 32 surface ruptures. The longest are 1906 San Francisco,1857 Fort Tejon (350 km),
and 1872 Owens Valley (108-120 km). 77% of California ruptures are shorter than 49 km in length.
Most long (= 100 km) historical strike-slip ruptures have occurred as generally continuous,
geomorphically well-defined (although not without localized complexity) traces with limited fault-
to-fault jumps or branching, and they often represent only partial rupture of much longer and
through going fault zones. In contrast, UCERF3 modeling of the southern Hayward fault
(creeping), which ruptured in 1868, allows it to participate in ruptures that branch, jump, and
extend to the south ends of the San Andreas and San Jacinto faults; these ruptures include
propagation across the rapidly creeping sections of the Calaveras and San Andreas faults.

Modeling fault rupture length by relaxing segmentation, as exemplified by UCERF 3, does so
without incorporating a range of physical factors that control what length a rupture might attain:



timing of the most recent prior earthquake(s) along strike (the 2002 Denali to Totschunda fault
rupture propagation is an example of this); differences in strain accumulation on adjacent fault
sections; paleo slip distributions; rupture dynamics including regional and local stress effects at
branch points or steps; lithological and frictional variability; and the effects of creep, particularly
on dynamic rupture propagation. Fault connectivity at depth, and not only a surface separation
distance, is an important consideration. Combining these types of data and their interpretations
(which can be difficult to obtain) with source-specific behavioral and kinematic observations can
lead to effective construction of reasonable rupture models, including single-segment, multi-
segment, and multi-fault scenarios for near-future earthquakes of interest. There is no reason why
this cannot be prescribed by expert groups. For many faults under consideration for hazard
analysis worldwide, this may be the most effective approach.
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Abstract

Pacific Gas and Electric’s extensive network of gas transmission pipelines overlaps California’s
extensive network of seismogenic faults. Understanding and mitigating the risk of pipeline failure
from surface-fault rupture is a considerable engineering and seismological challenge to the
utility. While the primary role and responsibility of the seismic and engineering geologists is to
define the location and width of the fault crossing, and estimate the expected direction of fault
displacement and/or folding at the pipeline, there is also the challenge of defining the
deformation amount that should be considered by pipeline engineers to evaluate whether
existing pipelines have adequate strain capacity to maintain pressure integrity should a
displacement event occur. To this end, PG&E is implementing a fault displacement hazard
analysis methodology to quantify displacement hazard at each pipeline-fault crossing.

In keeping with current engineering practice focused on deterministic evaluation, our approach
is to develop displacement hazard estimates for “Maximum Considered Earthquake (MCE)”
scenarios that produce surface-fault displacement at the pipeline. Rather than the traditional
deterministic approach of adopting a single MCE magnitude and an MCE displacement from a
simple empirical scaling relation (e.g., Honegger and Nyman, 2004), our methodology considers
epistemic uncertainty in the MCE through logic trees, and epistemic and aleatory uncertainties
in the amount of displacement that may occur at the pipeline crossing site given the MCE.
MCEs themselves may be selected from community hazard models (e.g., WGCEP, 2003; Field
et al., 2013) or may be constructed from analysis of “large but plausible” rupture lengths derived
based on empirical constraints such as fault stepovers, gaps, and ends (e.g., Biasi et al., 2013;
Biasi and Wesnousky, 2016). Alternative empirical relations between displacement and
magnitude (Wells and Coppersmith, 1994) or displacement and length (Wesnousky, 2008;
Shaw, 2013) may be selected, and epistemic uncertainty in how these relations should be
centered is incorporated in the analysis.

The scenario displacement hazard is presented as an exceedance curve from zero to one and
from which different statistical levels of displacement hazard may be tabulated. The pipeline
engineers can then model pipeline response to specific displacements, with the statistical level
of displacement specified based on a “consequence-hazard” matrix that considers both
consequence of failure and fault activity (similar to Fraser and Howard, 2002). Displacement
hazard information presented and analyzed in this way can readily be deconstructed to assess
which parameters contribute most to hazard uncertainty. This “hazard sensitivity” information



can be used by the client to evaluate whether the collection of additional information is
worthwhile.

The greatest opportunity to reduce displacement hazard uncertainty is through the collection
and analysis of historical or paleoseismic data on surface displacements at or near the pipeline
crossing of interest. The slip-at-a point coefficient of variation information published by Hecker
et al. (2013) and a methodology for deriving displacement hazard based on site-specific prior
slips by Abrahamson (2008) result in much lower uncertainties in hazard over the process of
exploring alternative MCE rupture scenarios and alternative empirical displacement relations.

The methodology can also incorporate information on fault slip rate or recurrence interval to
convert deterministic exceedance curves into equivalent, simplified probabilistic hazard curves
(Youngs et al., 2003). The intended use of the simplified probabilistic hazard curves for the
PG&E gas pipeline network is as a ranking tool, whereby each pipeline-fault crossing can be
“scored” or ordered by the annual probability of surface displacement exceeding the current
pipeline capacity. We anticipate such information will be useful for prioritizing pipeline mitigation
projects and will make the overall system more resilient to seismic hazards.
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Widespread complex surface rupture associated the Mw 7.0 16 April 2016 Kumamoto,
Japan, earthquake
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The 16 April 2016 Mw=7.0 (Mjma=7.3) Kumamoto earthquake struck the city of Kumamoto, towns
of Mashiki, Nishihara and Minami-Aso in central Kyushu, southwest Japan, and brought
significant damage to buildings, killing 50 people. An ENE-trending ~31-km-long surface rupture
emerged during the earthquake along the previously mapped Futagawa and northern Hinagu
faults. The rupture zone also included a previously unknown 5-km-long fault within the Aso
Caldera, one of the active volcanos in Kyushu island. The hypocenter is located ~5 km west from
the junction of the Futagawa and Hinagu faults those strikes compose of a 25°-transpressional
bend. The 14 April 2016 Mw=6.2 (Mjma=6.5) earthquake, claimed as a foreshock, was preceded
on the Hinagu fault zone, 2.5 km south of the fault junction. From the viewpoints of fault
displacement hazard assessment, we here present three key features as a lesson learnt from the
Kumamot earthquake.

1) Unpredictable multiple scale en echelon step-overs and short conjugate faults

The rupture zone is mostly composed of right-lateral slip sections, with a maximum of 2.5 m
coseismic slip. On a scale of 1:50,000 map, most of the rupture traces preoccupied the previously
mapped faults that already display fault branching and multiple parallel traces, except the ones
inside the Aso Caldera. However, observed surface breaks are much more complex than the
inferred ones in large scale maps. A remarkable feature was left-stepping en echelon step-overs
on various scales from meters to a few kilometers. The other significant characteristic is several
short NW-trending left-lateral faults (up to ~300 m) as a conjugate fault to the primary right-lateral
fault. These unpredictable features are probably due to the combination of thick unconsolidated
volcanic sediments derived from the caldera and complex structure in and around the fault
junction.

2) Coseismic slip partitioning

Another noteworthy feature observed in the field are ~10-km-long segmented normal fault scarps,
dipping to the north-west, mostly along the previously mapped Idenokuchi fault, 1.2 to 2.0 km
south of and subparallel to the Futagawa fault. The maximum amount of coseismic throw on the
Idenokuchi fault is ~2 m, which is nearly equivalent to the maximum slip on the strike-slip rupture.
The locations and slip motions of the 2016 rupture also manifest as interferogram fringe offsets
in INSAR images. Together with geodetic and seismic inversions of subsurface fault slip, we
illustrate a schematic structural model where oblique motion occurred on a north-west-dipping
subsurface fault and the slip is partitioned at the surface into strike-slip and normal fault scarps.
The Kumamoto case would be the second significant slip-partitioned earthquake around the
globe.

3) Triggered slips on short peripheral faults

Multiple InSAR images for the Kumamoto earthquake consistently display more than 200
triggered fault slips as offsets of interferogram fringes around the primary rupture zone (e.g.,



Fujiwara et al. 2016, Earth Planets, and Space). While slips on most of them are smaller than a
range of one interferogram fringe (~12 cm), significant multiple slips larger than 20 cm occurred
in a part of the mountainous outer rim of the Aso caldera, ~15 km far away from the main rupture
zone, without any significant aftershocks. We found a ~6-km-long NW-trending discontinuous
minor breaks bisecting the urbanized area of Kumamoto, which might have been related to local
damage. The post-earthquake geomorphic investigation using vertically exaggerated anaglyph
images suggests these fractures occurred on the pre-existing faint normal fault scarps.



Application or Mis-Application of PFDHA. What Relationships are Appropriate and Is the
Displacement Result Reasonable?

Donald Wells
Amec Foster Wheeler

Probabilistic fault displacement hazard analysis (PFDHA) is a relatively new tool for assessing
design displacements for projects such as buildings, bridges, tunnels, pipelines, dams, and other
infrastructure and transportation facilities that cross or lie astride active faults. While the basic
methodology for PFDHA has been understood for nearly 20 years, and a detailed description of
PFDHA methodology and relationships for normal faulting were published in 2003, empirical
relationships describing slip distributions for strike slip and reverse faulting were not published
until 2011. While that availability of slip distributions for all three types of faulting significantly
improves the applicability of PFDHA for different tectonic environments, the available models,
empirical relationships, and details of the methodology require numerous explicit choices by the
practitioner to perform PFDHA. Thus, the state of practice in performing PFDHA appears to vary
widely, and the results of individual studies appear to vary widely as well, depending on how the
PFDHA is implemented.

This study addresses several aspects of the PFDHA process through sensitivity analyses, with a
goal of providing information to improve and standardize the practice of PFDHA. For the analyses
presented in this study, we assume that the project facility overlies an active fault trace, and we
assess fault rupture hazard from primary faulting without considering uncertainty in fault location.

Given a fault, with assessment for fault length, rupture length, and slip rate, the PFDHA then
includes assessment for:

e Probability of Surface Rupture (PSR);
e Probability of Rupture Reaching Site; and
o Expected Displacement Given Location of Site Along a Rupture

The sensitivity analyses presented in this study address approaches to assess the probability of
surface rupture, and the effects of fault source characterization, specifically the effect of site
location with respect to location along ruptures, for the assessment of the probability of ruptures
reaching the site and the expected displacement at the site.

Probability of Surface Rupture (PSR)

The probability of surface rupture (PSR) typically is assessed using an empirical relationship that
expresses the probability of surface rupture as a function of magnitude. The functional form of
this relationship typically is a logistic regression, and regression relationship may be based on
global or regional databases of earthquakes with and without surface ruptures. The databases
also may be parsed by fault type. However, the resulting PSR does not account for the expected
focal depth of the earthquake or the rupture width.

An alternative approach, termed the “geometry approach” is based on the expected fault width
and the observed depth distribution of earthquakes along the fault or surrounding region. For the
geometry approach, the expected rupture width is calculated for each magnitude based on the
scenario rupture length and an assigned rupture aspect ratio for the expected fault type. The
maximum depth of rupture is distributed following the focal depth distribution of local or regional



earthquakes, and the PSR at each magnitude is the percentage of ruptures that extend to the
surface given the rupture width and maximum depth distribution. This approach requires more
information to implement, but is appropriate if detailed information on the depth distribution of
earthquakes is available. The fault geometry approach is sensitive both to the aspect ratio, which
may be about 1:1 for reverse and normal faulting, and about 2:1 or larger for strike-slip faulting,
and to the maximum depth distribution for the fault. Specifically, the geometry approach has an
increasing effect (reducing the PSR) with increasing depth of rupture compared to the regression
approach, particularly for ruptures with small aspect ratios.

Effects of Fault Source Characterization

The available models for slip variability along a rupture all show significantly reduced
displacement near the end of a rupture. Therefore, little displacement occurs for any rupture
scenario where the site is located close to the end of the rupture. If the fault source model is
based on fault segments with fixed endpoints and a limited number of rupture scenarios such as
presented in UCERF2 (USGS Open File Report 2007-1437), and the site is located near the end
of a fault segment, the resulting displacement hazard will be low compared to that for a site located
in the middle of the fault segment. However, many historical earthquakes have ruptured across
multiple faults, indicating that the ends of many of the fixed faults in the UCERF2 model may not
always represent the end of ruptures. Thus, a fault source model with a broad range of multi-fault
ruptures and a range of locations for endpoints for fault ruptures, such as presented in UCERF3
(USGS Open File Report 2013-1165), likely will result a higher displacement hazard for many
sites compared to a fixed fault segment model, if ruptures extend to a nearby fault such the site
is not always located at the end of the rupture. This observation indicates that the choice for
location of fault ruptures, where they start and stop, as well as choices for the length of ruptures
have a strong influence on the displacement hazard.

Another effect of limited fixed fault and rupture segments in the UCERF2 fault characterization is
that the displacement hazard may be higher for short ruptures compared to long ruptures,
because less time is required to accumulate sufficient strain corresponding to the expected
displacement for moderate magnitude earthquakes compared to the time required to accumulate
the strain associated with larger displacements expected for larger magnitude earthquakes. The
specific effect on displacement hazard is dependent on the difference in length/area of the
ruptures as related to expected displacement, the PSR, the percentage of ruptures that reach the
site, and the site location along the fault. The tradeoffs between fault slip rate, rupture length/area,
magnitude, and recurrence are important to displacement hazard, particularly for low slip-rate
faults. Specifically, for longer ruptures with higher magnitudes, if the recurrence period (from the
magnitude and slip rate) is longer than the time period of concern for performance analysis, the
displacement hazard is zero for that rupture scenario (i.e., the hazard curve lies below the design
level frequency of exceedance of displacement). Conversely, for shorter ruptures with lower
magnitudes, while the recurrence period may be shorter than the time period of concern for
performance analysis (and the hazard curve extends above the design level frequency of
exceedance), the expected displacement will be small compared to that for a larger magnitude
earthquake.

Another consideration is the use of alternative rupture lengths for a given fault scenario. While
alternative rupture lengths that are shorter than the total fault length would be associated with a
shorter average recurrence interval, because the rupture location is randomized along the fault,



not all of the shorter ruptures will extend to the site, and the hazard is factored for the percentage
of ruptures that do not cross the site.

Summary Considerations

The sensitivity of tradeoffs among alternative models, input parameters, site location, and
expected displacement show that the displacement hazard can vary widely depending on the
choices made in assessing fault characteristics and performing the PFDHA. To minimize
subjectiveness in evaluating displacement hazard, these choices should be informed by as much
knowledge of the site setting and fault characteristics as possible. Specific considerations and
data that can help inform choices to prepare the displacement evaluation include paleoseismic
data, geomorphic expression of faulting, structural complexity of faulting, and potential for
continuity of rupture to nearby faults. In addition, assessments that may be performed to
interpret/disaggregate the displacement hazard results include calculating the effective fault slip
rate from the hazard curve for consistency with the slip rate used in the source model, evaluating
the magnitude contributions to hazard, and evaluating the magnitude frequency distribution for
comparison to the preferred distribution model (i.e., characteristic earthquake or other models).
This additional information provides a basis for assessing whether those small displacement
estimates (or other results) are reasonable and appropriate.
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ANSI/ANS-2.30 “Criteria for Assessing Tectonic Surface Fault Rupture and Deformation at
Nuclear Facilities” is a standard that provides criteria and guidelines for assessing permanent
ground deformation (PGD) hazard due to tectonic surface fault rupture and deformation at nuclear
facilities. Specifically, the purpose of the standard is to provide an outline of procedures and
methods for performing probabilistic fault displacement hazard analysis (PFDHA) and
probabilistic tectonic deformation hazard analysis (PTDHA). The hazard assessment may focus
on displacement of a principal fault or on distributed faulting related to the principal fault.

The standard also provides guidance on site selection for Seismic Design Category (SDC)-3 to
SDC-5 nuclear facilities. The results of the hazard assessment can be used in siting of a nuclear
facility and as a basis for a decision regarding whether the site is acceptable for design and
operation.

ANSI/ANS-2.30 is one of a series of national standards designed to provide criteria and guidelines
to promote uniform and effective assessment of seismic hazards at nuclear facilities. These
hazards must be properly identified and characterized commensurate with the level of risk and
design-requirements associated with each nuclear facility.
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Living with disaster is an objective reality that human must face, especially in China. A large
number of recent earthquakes, such as the 2008 Wenchuan earthquake, 2010 Yushu earthquake,
2014 Ludian earthquake, have demonstrated that earthquake heavy damages and casualties
stem mainly from ground-faulting or displacement along a seismogenic active fault and near-fault
ground accelerations. Accordingly, avoidance of active faults may be an important measure
effectively to reduce earthquake hazard, which may encounter in the future, but how to avoid an
active fault and how much a setback distance from the active fault is required to ensure that the
ground faulting and displacement has no any direct impact on buildings. This has been focus of
debate both for domestic and foreign scholars in the past years.

Studies have shown that almost all different types of earthquake surface rupture zones are
characterized by high localization along their seismogenic active faults both from field
observations and paleoseismic trenches (Lee et al., 2001 ; Kelson & Lettis, 2000 ; Bray, 2001
; Yang & Beeson, 2001 ; Rockwell & Ben-Zion, 2007 ; Xu et al., 2002, 2009 ; Zhou et al., 2010;
Quigley et al., 2010). An average statistic width is obtained to be 30m for the known strike-slip
faulting earthquakes surface rupture zones (Xu et al., 2002), which has been supported by late
observations in the 2001 Kokoxili, 2002 Denali, 2010 Yushu, 2014 Ludian earthquake (Xu et al.,
2002, 2015; Eberhart-Phillips et al., 2003; Sun et al., 2012). The surface ruptures in the reverse-
faulting events, such as the 1999 Chi-Chi or the Wenchuan earthquake, also display a high degree
of localization in width, but demonstrate a more complicated rupturing pattern (Chen et al., 2001,
Xu et al., 2009), which gives us a chance to consider reducing related earthquake hazards.
Quantitative analyses show that the surface ruptures of the Wenchuan earthquake have following
features:

1) The width-frequency distribution of the surface rupture zones of the Wenchuan earthquake
measured at different sites indicate a mean value (u) of (22.4 £ 1.8) m and a mean square error
(o) of (12.3 £ 1.3). If y + 20 is used as an average width, then we know that the average width,
which may occur in a reverse-faulting faulting earthquake, is 49 + 2 m with a confidence more
than 95%.

2) The surface ruptures of the reverse-faulting earthquakes shows an asymmetrical distribution
along the reverse fault. Width of surface ruptures on the hanging-wall is 2 or 3 times wider than
that on its foot-wall for a reverse fault, demonstrating a hanging-wall effect for a reverse fault.

3) Correspondingly, the co-seismic displacements along seismogenic fault directly controls spatial
distribution of the ground building damages with a similar pattern to the surface ruptures along
the fault, which also demonstrates a hanging-wall effect.

4) Based on the latest knowledge learnt above, issues on avoidance object, minimum setback
distance, location requirement of active fault for avoidance, and anti-faulting design for buildings
in the surface rupture zone should be further discussed.





