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Chapter 1. Executive Summary

Overview

This is the initial publication of the results of a cooperative project to examine the
implications of a major earthquake in southern California. The study comprised eight counties:
Imperial, Kern, Los Angeles, Orange, Riverside, San Bernardino, San Diego, and Ventura. Its
results will be used as the basis of an emergency response and preparedness exercise, the Great
Southern California ShakeOut, and for this purpose we defined our earthquake as occurring at
10:00 a.m. on November 13, 2008. As members of the southern California community use the
ShakeOut Scenario to plan and execute the exercise, we anticipate discussion and feedback. This
community input will be used to refine our assessment and will lead to a formal publication in early
20009.

Our goal in the ShakeOut Scenario is to identify the physical, social and economic
consequences of a major earthquake in southern California and in so doing, enable the users of our
results to identify what they can change now—>before the earthquake—to avoid catastrophic impact
after the inevitable earthquake occurs. To do so, we had to determine the physical damages
(casualties and losses) caused by the earthquake and the impact of those damages on the region’s
social and economic systems. To do this, we needed to know about the earthquake ground shaking
and fault rupture. So we first constructed an earthquake, taking all available earthquake research
information, from trenching and exposed evidence of prehistoric earthquakes, to analysis of
instrumental recordings of large earthquakes and the latest theory in earthquake source physics. We
modeled a magnitude (M) 7.8 earthquake on the southern San Andreas Fault, a plausible event on
the fault most likely to produce a major earthquake. This information was then fed forward into the
rest of the ShakeOut Scenario (fig. 1-1).

Earth Engineering:w (Social Science:w Policy:
Actions that

Science: Estimate Estimate impact
Design physical on social could reduce
earthquake damage J Lsyste ms losses

Figure 1-1. ShakeQut Scenario flow-chart.

Earth Science in the ShakeOut Scenario

The Earthquake Source

The ShakeOut Scenario earthquake is a magnitude 7.8 earthquake on the southernmost 300
km (200 mi) of the San Andreas Fault, between the Salton Sea and Lake Hughes. The southern San
Andreas Fault was identified in the most recent assessment of seismic risk as most likely source of
a very large earthquake in California. A magnitude 7.8 is not the largest earthquake that the
southern San Andreas Fault can produce, nor is the San Andreas the only fault to threaten the
populated areas of southern California with very large earthquakes. However, those other faults
have recurrence intervals (an estimate of the average time) between larger earthquakes that are
considerably longer, measured in thousands of years. By contrast, the southern San Andreas Fault
has generated earthquakes of ShakeOut size on average every 150 years—and on a portion of the
fault that ruptures in the ShakeOut Scenario, the last earthquake happened more than 300 years



ago. The extent of the fault rupture in this earthquake was determined from geologic
characteristics, after considerable discussion among geologic experts. The most likely rupture
initiation point is one of the endpoints of the fault. We started at the southern end of the San
Andreas Fault, and ruptured the fault to the northwest. We assumed that the average amount of slip
to be released anywhere along the fault would be the amount accumulated since the last event on
that portion of the fault, ranging from 2 to 7 meters (6 to 23 ft). We then added a randomized
variation of the average slip within each 30 km section of fault. The maximum amount of slip is at
the southern end of the rupture near the Salton Sea, where it has been more than 300 years since the
last earthquake.

Ground Motions

The sudden rupture of a fault produces shaking as one of its effects. This shaking moves the
ground, and it is these ground motions that we feel and that cause most of the damage in an
earthquake. We estimated these ground motions with physics-based computer simulations of the
earthquake with computer systems developed by the Southern California Earthquake Center
information technology research program.

For the past 30 years, before recent advances in information technology that have enabled
scientists to obtain meaningful results from physics-based computer simulations, ground motion
predictions have typically been made using attenuation relations, which forecast the expected
shaking at a site from the magnitude and distance from the fault. However, in any earthquake there
are pockets of shaking that are considerably higher or lower because of other factors that affect
shaking, including site effects, directivity, and radiation pattern. Our physics-based simulations
modeled all of these factors, primary and secondary, that affect ground shaking, using two inputs:
(1) the ShakeOut kinematic rupture description and (2) a velocity model that describes the seismic
characteristics of the southern California rocks through which the waves propagate. The results are
shown to be consistent with the newest attenuation relations from the Next Generation Attenuation
(NGA) relations.

We validated our modeling results through comparison of multiple methods, use of distinct
velocity models, and comparison with empirically based attenuation relations. In all, four teams
were engaged to make independent models of the ground motions. Several features of the
ShakeOut earthquake ground motions are consistent across all the models including:

* Very strong shaking (approaching 3 m/sec) near the fault;

* Strong shaking with medium to long durations (20-45 sec) in the basins near the fault, including
the Coachella, San Bernardino, and Antelope Valleys;

+ Damaging shaking (at least 0.5 m/sec) over large areas (~10,000 km®) of Los Angeles, San
Bernardino, and Riverside counties;

* Pockets of very strong shaking (>1.5 m/sec) with long durations (45-60 sec) in areas of the San
Gabriel Valley and East Los Angeles.

Duration of strong shaking will be an important contributor to damage in any earthquake as
large as the ShakeOut Scenario earthquake. Shaking lasts a long time because it takes about 100
seconds for a fault this long to rupture and because some of the waves get trapped and reverberate
in sedimentary basins. In the ShakeOut Scenario earthquake (fig. 1-2), the San Bernardino Valley
is shaken extremely strongly but for a relatively short duration, as are Wrightwood and Palmdale,
while the Coachella Valley has strong shaking with a long duration. Lower amplitude, but much
longer duration ground motions occur in the Los Angeles and Ventura sedimentary basins.
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Figure 1-2. This “ShakeMap” is a representation of the shaking produced by the ShakeOut Scenario
earthquake. The colors represent the Modified Mercalli Intensity with the warmer colors
representing areas of greater damage.

To estimate damages from ShakeOut ground motion, the ShakeOut Scenario next calculated
ground motion parameters used by engineers to estimate damage to structures. Ground motion
parameters describe how the ground moves due to different measures of earthquake waves, and are
needed because different kinds of structures are damaged by different kinds of waves. The
ShakeOut Scenario created all the standard ground motion parameters: peak ground acceleration
(PGA), peak ground velocity (PGV), Modified Mercalli Intensity (MMI), and spectral accelerations
at 0.3, 1.0, and 3 seconds.

Fault Offsets

Fault offsets occur where the fault that moves in the earthquake is exposed at the Earth’s
surface. The ShakeOut fault rupture is on the San Andreas Fault and will be dominated by strike-
slip, or horizontal displacement, causing structures and lifelines that straddle the fault to be sheared
and offset as much as 9 meters (30 feet). Fortunately, there are few structures at risk of direct fault
damage from the ShakeOut earthquake, due to the rural setting of the southern San Andreas Fault
zone, and to the Alquist-Priolo Earthquake Fault Zoning Act of 1972, which prevents the
construction of buildings used for human occupancy on the surface trace of active faults.

Damage from ShakeOut surface rupture is most serious where lifelines (roads, railroads,
and utilities) cross the fault. Many of these crossings are concentrated within a few mountain



passes and the disruption to these lifeline corridors has a major economic impact. Roads cross the
fault at 966 places; the most critical damage occurs to Interstate 10 in the Coachella Valley and in
San Gorgonio Pass, Interstate 15 in Cajon Pass, CA-14, CA-111, CA-62, Box Canyon Road, and
Big Pines Highway. Other disrupted lifelines include fiber optic cables (90 crossings), petroleum
and natural gas pipelines (39 crossings), railroads (21 crossings), aqueducts (32 crossings), and
overhead electric power transmission lines (141 crossings).

Secondary Hazards

We investigated secondary hazards that can be triggered by large earthquakes in southern
California including liquefaction, landslides, tsunamis, and seiches. All of these have caused
significant additional damage in many big earthquakes, but only landslides and liquefaction will
produce significant impacts in the ShakeOut Scenario. The ShakeOut Scenario earthquake will
produce between 10,000 and 100,000 individual landslides, the vast majority of which will consist
of rock falls, rock slides, rock avalanches, soil falls, disrupted soil slides and soil avalanches. Most
of these will occur on steep slopes within the Transverse Ranges, primarily in the eastern San
Gabriel Mountains. Conditions that can lead to liquefaction are potentially widespread in parts of
the eight-county area impacted by the ShakeOut Scenario earthquake, particularly the Santa Clara
River/Oxnard Plain areas of Ventura County, parts of the San Fernando and San Gabriel Valleys,
portions of the coastal basin or flatland areas of Los Angeles and Orange Counties, the Santa Ana
River corridor, the Imperial Valley, the southern Coachella Valley, and coastal areas of San Diego
County. However, liquefaction requires both strong shaking and a high ground-water table. Strong
ground motions from the ShakeOut Scenario earthquake mostly occur within the inland desert and
mountain regions of southern California where ground water levels are typically low year-round.
As a result, only the southern Coachella Valley will suffer significant liquefaction impacts in the
ShakeOut Scenario earthquake, with localized liquefaction otherwise confined mostly to areas
adjacent to perennial stream and river channels, such as in the upper Santa Ana and Santa Clara
river basins. Because of the large distance from the earthquake to the coast, tsunamis are not a
significant risk.

Aftershocks

Aftershocks are earthquakes and cause shaking and damage just like any other earthquake.
Their additional shaking can damage weakened structures, necessitate evacuations, endanger rescue
workers, and undo efforts to restore and rebuild. Based on experience in numerous earthquakes
worldwide, after a mainshock earthquake as large as the ShakeOut Scenario earthquake, damaging
aftershocks can occur for decades in a broad region around southern California, and any given
region may experience more severe shaking from a close aftershock than from the original
mainshock. Aftershock behavior in the aggregate can be well described by some simple, empirical
laws, and these can be used to simulate sequences of aftershocks that realistically mimic actual
aftershock sequences. For the ShakeOut Scenario, we generated ten random realizations of
aftershocks for the first week following our mainshock. In reality, large, damaging aftershocks may
occur months or years after the initial event.

We picked one of the simulations to be the aftershocks for the ShakeOut drills. This
sequence includes two magnitude (M) 7 aftershocks. A M7.0 aftershock occurs 33 minutes after the
mainshock, beginning at the southern end of the mainshock, near the Salton Sea, and rupturing
south toward Mexico. It causes damage in Imperial and eastern San Diego Counties as well as in
Mexicali, Mexico. A M7.2 event occurs 17 hours after mainshock on the Cucamonga Fault,
rupturing along the front of the San Gabriel Mountains from Cajon Pass to Monrovia. The



aftershocks in this sequence would cause substantial additional damage, but neither large
aftershock has been evaluated in detail.

Engineering in the ShakeOut Scenario

The damage and impacts of the ShakeOut Scenario earthquake were estimated through a
three-step process. First, FEMA’s loss estimation program, HAZUS, was run using the physics-
based ground motion model. For Los Angeles County, HAZUS used a refined database of
structures created from tax assessor’s data. For the other counties, this was not available and the
default HAZUS database was used. In addition, HAZUS default mapping schemes (the
relationships between basic inventory data and the assumed structural characteristics) were
modified to reflect available information on unreinforced masonry buildings tabulated by the
California Seismic Safety Commission, building density concentrations in urban core areas, and
construction pattern changes over time throughout the eight counties. In the second step, expert
opinion was collected through 13 special studies and 6 expert panels. Panels generally estimated
impacts to public utilities, especially where multiple utility companies provide a public service
such as water supply or electricity. Engineers and operators were invited to attend the half-day
panel discussions, and were presented the results of prior Earth science studies (shaking, faulting,
etc.), as well as damage to other interacting lifelines that had already been assessed. They were
then asked to posit a realistic scenario of damage, service interruption, restoration, and to suggest
promising mitigation options. To complement the panels, special studies were used for buildings
and for lifelines when the panel process was impractical, such as private utilities or utilities (such
as highways) where in-depth analysis was desired. In these cases, contributors were selected for
their specialized expertise. They too were presented with all previously estimated Earth-science
and relevant utility impacts, and asked to summarize assets exposed to damage, evidence of past
seismic vulnerability, and to posit a realistic scenario of damage, loss of function, restoration, and
promising mitigation measures. Crucial special studies were reviewed by panels of highly qualified
experts. In the third step, the expert evaluations were merged with the HAZUS results to create the
final estimates of probable damages.

The major losses for this earthquake fall into four categories: building damages, non-
structural damages, damage to lifelines and infrastructure, and fire losses. Within each category,
the analysis found types of losses that are well understood—that have been seen in previous
earthquakes and the vulnerabilities recognized but not removed—and types of losses that had been
less obvious — where the type of failure is only recently understood or the extent of the problem not
yet fully recognized. The study also found numerous areas where mitigation conducted over the
last few decades by state agencies, utilities and private owners, has greatly reduced the
vulnerability. Because of these mitigation measures, the total financial impact of this earthquake is
estimated to be “only” about $200 billion with approximately 1,800 fatalities. However, these are
still big numbers

Buildings

Total losses to buildings are estimated at $33 billion. The two classes of older, known, poor
performers--unreinforced masonry (where bricks or stone blocks with mortar form the bearing
walls, called “URM”) and non-ductile reinforced concrete buildings--pose the greatest risk to life
safety. These types of buildings are no longer allowed to be built, but many of these buildings still
exist and are not retrofitted. These types of buildings will be heavily damaged or destroyed near the
fault, but in general will suffer less damage in the Los Angeles area. All URM buildings in the City
of Los Angeles have been evaluated, and most have been strengthened to reduce loss of life. The



strong shaking in Los Angeles will have very long periods (the waves will be big but slow) and
these smaller buildings will in many cases ride out the shaking with less damage.

Woodframe construction generally fares well in earthquake shaking and woodframe
buildings are less likely than other types of buildings to be damaged. However, because woodframe
construction is so prevalent in California, substantial losses will still occur. Woodframe building
damage is most likely:

* in older homes where the house is not bolted to the foundation or the cripple wall is not
reinforced.

* in buildings with a “soft first story” — a large opening such as garage door or display windows
on the first floor and without compensating reinforcement.

* in buildings where building codes were not rigorously followed--a condition difficult to
recognized until after the earthquake.

Steel moment frame buildings built before 1994 were found to form cracks in their
connections during the 1994 Northridge earthquake. Similar damage occurred in the 1995 Kobe
earthquake and some buildings collapsed. Special study was conducted to analyze the behavior of
steel frame high-rise buildings in the ground motions modeled for this earthquake. This event
shows amplified long period motions caused by resonance in the sedimentary basins, particularly
the very deep Los Angeles Basin. A special panel of structural engineers evaluated the analytical
study and concluded “Given these ground motions, the collapse of some pre-1994 welded-steel
moment-frame buildings is a credible scenario.” Because this result comes from the long period
ground motions, the area where this type of damage is possible is relatively large and includes
much of the urbanized areas of Los Angeles, Orange, Riverside and San Bernardino Counties. It is
impossible to determine how many and which buildings are the most susceptible without detailed
structural analysis which is beyond the scope of this study. For the purposes of the ShakeOut
emergency drills, we posit that 5 steel moment-frame high-rise buildings will collapse and that 10
more will be “red-tagged.”

Non-structural and contents damage

Non-structural and contents damage is damage to the parts of a building other than what is
holding it up, including interior walls, water pipes, air conditioning systems, and all moveable
property such as electronics, and dishes. As building codes improve and buildings remain standing
during earthquakes, the relative importance of non-structural damage increases. In recent
earthquakes, the non-structural and contents losses have typically been comparable to the structural
losses. Non-structural damages and mitigation have not been regulated in any way. Many of these
losses are simple to prevent through securing contents and non-structural elements of the buildings.
This is one of the most important ways that individuals can reduce the losses.

Utilities, Lifelines, and Infrastructure

California’s investments in mitigation have paid off most obviously in increased robustness
and resiliency of the region’s lifelines. The retrofitting of highway bridges, conversion of ceramic
insulators in the electric grid to polymers, and replacement of cast iron pipes mean that many
utilities will be able to restore function much more quickly after the earthquake.

Significant vulnerabilities remain in the water conveyance system and in the lifelines that
cross the San Andreas Fault. Pipes of concrete and iron are brittle and break in many places in an



earthquake. The number of pipe breaks will be large enough that recreating the water system will
be necessary in the hardest hit areas. Because this earthquake affects such a large area, there will
not be enough pipe and connectors or trained manpower to repair all the breaks quickly. The worst
hit areas may not have water in the taps for 6 months. This damage to the water system will also
greatly increase the problems in fighting the fires that will follow the earthquake. The cost to repair
water and sewer lines will be $1 billion.

The lifelines that cross the fault will all break when the fault moves. This will disrupt the
movement of water, petroleum products, telecommunications, and general transportation. Repair of
the lifelines will be slowed because the lifelines all cross the fault at just a few passes in the
mountains and therefore interact with each other. For instance, repairing pipelines broken at Cajon
Pass will require access that depends upon repair to Interstate 15. That in turn could be delayed if a
wildfire starts after damage to the electric lines in the same location.

Many roads and highways will be impassable in the first few days after the earthquake
because of debris on the roads, damage to bridges, and lack of power for the traffic signals. This
will have a significant negative impact on the emergency response. Because of the major highway
bridge retrofit program of the last 20 years, highway bridges are not expected to completely
collapse, but some will not be passable. Many bridges on local roads have not been retrofitted and
more damage is expected on those. The continuing impairment of the roads for months after the
earthquake until everything can be repaired has a significant economic cost, estimated at $5 billion
over one year.

Fire Following Earthquake

Southern California is unfortunately well situated for major fires to be generated following
earthquakes. The number of ignitions that will create fires large enough to call the fire department
can be extrapolated from previous earthquakes and depends upon the number of households at
different levels of seismic shaking. This leads to an estimate of 1,600 ignitions of which 1,200 will
be too large to be controlled by one fire engine company. In areas of dense woodframe
construction, these fires if not controlled will grew quickly to involve tens or hundreds of city
blocks. The fire risk is increased by the damage to the water distribution system and by the traffic
gridlock that will result from the ShakeOut earthquake.

The final level of fire damage is difficult to assess because it depends upon several
unpredictable factors, especially the degree to which fires spread when the fire protection services
lose water and are overwhelmed. We use the minimum value from the fire estimates at $40 billion
in damage to buildings and $25 billion in damage to building contents.

Social Science in the ShakeOut Scenario

The ShakeOut Scenario earthquake causes damage to the built environment that then ripples
through and damages the social systems of the study region. This study has investigated the
impacts of the earthquake on emergency services, human health, the regional economy, and trade
operations from the Ports of Los Angeles and Long Beach.

Emergency Services

An emergency response matrix has been developed to help understand what the demands
for emergency services will be like. Seventeen functions of emergency services are grouped into
seven general classes of activities, including crisis information (public information and responder
communications), search and rescue, victim services (shelter, provision of food and water and the



management and distribution of donated goods and services), access management and law
enforcement (control and security and traffic control), the staffing and functioning of emergency
operations centers, fire suppression, medical emergency response, and service restoration, (repair
of utilities, route recovery and debris removal). Research results and experience in past earthquakes
have been analyzed to create this response matrix. Among the findings are that:
e 95% of rescues from downed buildings are carried out by fellow victims. Training ordinary
citizens how to search safely could greatly reduce injuries.
e Many Emergency Operations Centers have not considered the impact of earthquakes on the
contents of their Centers. Securing computers and desks and other non-structural mitigation
activities would have large payoffs at low cost.

Mortality and Morbidity

Shaking in the ShakeOut Scenario earthquake will kill and injure many people, by causing
buildings to collapse, creating falling debris and flying objects, and increasing traffic accidents
when drivers lose control of automobiles. Many additional deaths and injuries will result in fires
that follow the shaking. Estimating the total number of injuries and deaths is very uncertain
particularly because the Scenario posits types of building failures that have not yet been observed.
Because of strong life-safety building codes over the years, the ShakeOut Scenario estimates only
approximately 1,800 deaths, of which about half occur because of the fires following the
earthquake. There will also be about 750 people with very severe injuries who will require rapid,
advanced medical care to survive. Approximately 50,000 people will have injuries that need
emergency room care. The final mortality could increase if hospitals cannot function because of
damage or if the transportation disruptions prevent people getting to emergency rooms.

Business Interruption

The economic impact of the earthquake is not limited to the structures and goods broken or
burnt in the event. Much of the economic activity of the southern California region will be
interrupted by the damage to structures and infrastructure. In particular, beyond their direct losses
in stock (such as buildings, machines, and inventory), businesses will be unable to function because
of loss of electricity, gas, water, and a transportation system. Some of the losses can be recaptured
when the business resumes but the amount recaptured decreases with time as customers and
suppliers find alternatives. Because the duration of outage is so long, the lack of water conveyance
becomes the largest factor in business interruption losses for the ShakeOut earthquake, resulting in
$50 billion in lost economic activity.
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Figure 1-3. National Impact of San Pedro Ports. Source: BST Associates Trade Impact Report, 2007.

Movement of Goods

The ShakeOut Scenario earthquake will be far enough from both Los Angeles International
Airport and the Ports of Los Angeles and Long Beach that the damage there will be minimal. This
of course is not the case for many other possible earthquakes. The availability of these
transportation resources is a significant asset in mobilizing the emergency response. Transportation
from the Ports to the rest of the country is carried predominately by rail lines which will be
rendered impassable by the fault offsets and ground motions. Significant economic disruption will
result and the extent of the damage depends critically on how rapidly the railways and highways
can be rebuilt.

The modeling estimates that the Ports will not function for the first 3 days after the event
because of lack of electricity, general chaos, and the potential for slight damage to large structures
such as cranes. For the next 2 weeks, the Ports will operate at 10% of capacity because there will
be limited rail service and limited alternative transportation. They will gradually return to full
capacity from 2 weeks to 2 months as rail service is reestablished and highways reopen. We
estimate that 85% of the lost business will be recaptured but that 15% will be permanently lost to
ship diversions, perished products, cancelled Far East shipments, and declined bookings.

Conclusions

The magnitude 7.8 ShakeOut earthquake is modeled to cause about 1,800 deaths and $213
billion of economic losses. These numbers are as low as they are because of aggressive retrofitting
programs that have increased the seismic resistance of buildings, highways and lifelines, and
economic resiliency. These numbers are as large as they are because much more retrofitting could
still be done. The sources of the different losses are shown in Table 1-1.

Table 1-1. Total Regional Economic Impacts of Shake-Out (in billions of 2008 dollars).
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Indicator Total Impacts

Building Damage $32.7
Related Content Damage 10.6
High-Rise Building Damage 2.2
Related Content Damage 0.7
Fire Damage 40.0
Related Content Damage 25.0
Highway Damage 0.4
Pipeline (water, sewer, gas) Damage 1.1
Sub-total Property Damage 112.7
Business Interruption 96.2
Relocation Costs 0.1
Traffic Delay Costs 4.3
Sub-total Additional Costs 4.4
Total $213.3

The earthquake modeled here may never happen. Big earthquakes on the San Andreas Fault
are inevitable, and by geologic standards extremely common, but probably will not be exactly like
this one. The next very damaging earthquake could easily be on another fault. However, lessons
learned from this particular event apply to many other events and could provide benefits in many
possible future disasters.

The ShakeOut Scenario has identified five major areas of loss:

*  Older buildings built to earlier standards.

* Non-structural elements and building contents that are generally unregulated.
* Infrastructure crossing the San Andreas Fault.

*  Business interruption from damaged infrastructure, especially water systems.

»  Fire following the earthquake.

The ShakeOut Scenario also found that previous efforts to reduce losses through mitigation
before the event have been successful. There are dozens more actions and policies that could be
undertaken at the individual and community levels to further reduce these losses. For instance,
actions to improve the resiliency of our water delivery system would reduce the loss from business
interruption, as well as reduce the risk of catastrophic conflagrations. At an individual and business
level, actions to secure non-structural items in buildings and retrofitting of existing structures will
greatly reduce individual risk. Planning and preparedness can improve personal and business
resiliency.

Over the next 6 months, the ShakeOut Scenario will be used to prepare for future
earthquakes and exercise in the Great Southern California ShakeOut in November 2008. This
process will encourage public discussion of these risks and possible solutions. The risks can be
analyzed and described by scientists but the solutions will come from southern California itself.

11



This page intentionally left blank

12



The ShakeOut Scenario

CHAPTER 2. INTRODUCTION ...ttt et e et e e e e eeneen 14
1Y/ o) (A7 o] o [T 14
L@ o 1=Tod €LY 1SR 15
L eV T=T LV o 0107 =T 15
(@00 01 (g 10 (o] 16

R AE GO ST =l o P L Lo @faTo] o [T T (0] £ 16

ShaKeOut SCENAITO CONEIIIULOIS.......cviiiiii ettt ettt e e bt e s b e e e bt e s s b aesbesssbesssbesssbessabesssbasssbesesbasssbenases 18

13



Chapter 2. Introduction

Motivation

The U.S. Geological Survey (USGS) has recently initiated the Multi-Hazards
Demonstration Project to demonstrate how hazards science can be used to improve a community’s
resiliency to natural disasters. To launch this project, earthquake and other hazard scientists held
strategic planning workshops with stakeholders such as local officials and emergency response
professionals. The workshops determined what information stakeholders find most useful from
scientists and what additional information they need but might not have been getting. The top
priority that emerged from these workshops was for disaster scenarios that could more fully support
decision-making in planning and preparedness by detailing and quantifying anticipated
consequences of natural disasters.

Hurricane Katrina was on the minds of all workshop participants. In Katrina we saw how a
catastrophe can strain the fabric of society and lead to decades of economic disruption. Since
Katrina, we have distinguished between a natural disaster--an inevitable event such as a hurricane,
flood, wildfire, or earthquake--and a catastrophe, which occurs when a disaster disrupts a large
region and the effects continue for decades. In southern California, the most likely source of a
catastrophe is an earthquake so powerful that it causes widespread damage and consequently
affects lives and livelihoods of all southern Californians. A catastrophe is a disaster that runs amok
when a society is not prepared for the amount of disruption that occurs.

The ShakeOut Scenario was developed to meet the needs of stakeholders at the strategic
planning sessions. It considers the impacts of a M7.8 earthquake on the southern San Andreas
Fault, an earthquake selected because it is so probable. It is not the worst earthquake possible.
Southern California has more than 300 faults capable of producing damaging earthquakes, and
includes several faults capable of producing earthquakes with catastrophic consequences. Some of
the earthquakes are much more likely than others to happen in the lifetime of a person or building.
A full assessment of earthquake risk requires a probabilistic approach that accounts for all of the
faults, earthquakes, and likelihoods. Instead, the ShakeOut Scenario considers the impact of a
single event that is large enough and likely enough to create a catastrophe in our lifetimes. The
ShakeOut Scenario is not predicting — and does not need to predict -whether this particular
earthquake will actually ever happen. Examining the consequences and far-reaching impacts of one
such event can help us prepare for other such events.

The ShakeOut Scenario was also developed to break through a common, dangerous
misconception that goes something like this: My home/my business made it through the
Northridge earthquake so I know what future earthquakes will be like and can rest assured I will
make it through the next one, too. Natural disasters come in many sizes, and the disasters most
likely to cause catastrophes are those large enough to have regional, long-term consequences. No
Californians have experienced an earthquake like this except for survivors of the 1906 San
Francisco earthquake.

The 1994, M6.7 Northridge earthquake is not an appropriate point of reference for a
catastrophe, because the Northridge earthquake was simply not large enough to cause catastrophic
devastation:

* Many buildings and other structures that were able to withstand the 7 to 15 seconds of shaking
during the Northridge earthquake, will not withstand the nearly 2 minutes of shaking in an
earthquake the size of that in the ShakeOut Scenario;
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* Northridge was a local, not a regional disaster; even in the hardest-hit areas, one could drive
five minutes and reach an area that was relatively unaffected; this will not be the case after an
earthquake the size of the ShakeOut Scenario;

* After Northridge, most businesses were able to regroup fairly quickly; after a regional disaster,
so many will struggle for such a long time that a much greater number will fail, creating a
domino effect that hurts employees, customers, and surviving businesses;

* After Northridge, the Los Angeles area could turn to other southern California communities for
mutual aid; after a regional disaster, those neighbors will need help too; mutual aid will be
slower to arrive, coming from Arizona, Nevada, and northern California.

Objectives

The ShakeOut Scenario exists to support decision-makers in their efforts to make southern
California a safer community. The most immediate users of the Scenario will be members of the
emergency response community who are participating in the November 2008 Golden Guardian
exercises. Other decision-makers include business owners, homeowners, employees, and tenants,
as well as public officials, emergency responders, and planners. The ShakeOut Scenario analyzes
how a large, regional earthquake will affect the social and economic systems that make southern
California a desirable place, because an earthquake with similar kinds of impacts is an inevitable
part of southern California’s future. Thus, appropriate uses of the ShakeOut Scenario include:

e Urban planning;

* Emergency response training;

* School, business, and public earthquake drills;

* Prioritization of preparedness efforts;

* Understanding potential impacts on financial and social systems; and

* Identifying possible vulnerabilities of infrastructure, especially due to interactions among

systems that are usually considered separately.

The ShakeOut Scenario has created as complete a description as possible of the regional,
long-term impacts of a particular earthquake on the southern San Andreas Fault. It is not a
probabilistic assessment of risk or cost-effectiveness nor is it a prediction that this particular
earthquake will occur. This is only one of thousands of possible, damaging earthquakes that could
hit southern California. Being spared in this event does not mean you are spared in other events.
Thus, inappropriate uses of the ShakeOut Scenario include:

* Deciding where to live or work;
* Concluding you don’t have an earthquake problem;
* Changing building codes; or

* Evaluating cost-effectiveness of mitigation.

Review Process

Early on we recognized that it was not practicable to expect any single reviewer to have
expertise spanning the full range of ShakeOut Scenario components. So, in addition to having two,
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traditional reviewers of the entire document, throughout the project we brought in additional, topic-
specific expert reviewers, who reviewed material as members of expert panels and invited guests at
internal presentations, as well as by reading report sections or by less formal participation via email
and telephone contact.

Contributors

The ShakeOut Scenario was created through a major collaborative effort involving more
than 300 contributors. Our goal was to engage the full range of expertise needed to understand the
complex interactions and to include experts and professionals from the public and private sectors,
some who could share experience gained in previous earthquakes and others who understood the
strengths and weaknesses of our systems. One challenge was to make collaborative use of this wide
range of expertise, while integrating findings into a coherent result that could be delivered in time
for the 2008 Golden Guardian planning meeting on May 5, 2008. Through this trial-by-fire process
we have created a blueprint for future scenario efforts regarding earthquakes and other natural
disasters. There is widespread recognition that now is the time to make such efforts.

To drive progress in the ShakeOut Scenario’s varied endeavors, the USGS turned to
partners with essential expertise. The California Geological Survey created the first earthquake
scenarios over 20 years ago and provided many of their experts on California faults and geology.
The Southern California Earthquake Center has assembled a state-of-the-science team of computer
and earthquake scientists to perform and validate modeling of ground shaking. The Earthquake
Engineering Research Institute has created scenarios for many events and their members in
southern California understand the nature and vulnerabilities of our infrastructure. Social scientists
affiliated with California’s Office of Emergency Services, the Seismic Safety Commission, and
UCLA contributed their understanding of casualties, disaster response and effective preparedness
campaigns. Economists from the USGS and University of Southern California knew how to assess
earthquake shocks to the region’s economic health.

We assembled teams for different parts of the ShakeOut Scenario project led by
Coordinators who enlisted and managed contributors. All are listed in the following pages of this
report, and their specific contributions are identified in pertinent report sections.

Many of the studies that were conducted for the ShakeOut Scenario are available as reports
on-line. For details go to http://urbanearth.usgs.gov/scenario08.

ShakeQut Scenario Coordinators

Chief Scientist:
Lucile Jones, USGS
Project Manager:
Dale Cox, USGS
Staff Scientist/Writer:
Sue Perry, USGS
Earthquake Design:
Kenneth Hudnut, USGS
Secondary Hazards:
Daniel Ponti, USGS
Michael Reichle, California Geological Survey
Jerry Treiman, California Geological Survey
Physical Damages:
Keith Porter, University of Colorado
HAZUS Loss Estimations:
Hope Seligson, MMI Engineering
Emergency Response:
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Dennis Mileti, California Seismic Safety Commission

James Goltz, Governor’s Office of Emergency Services
Health and Safety:

Kimberley Shoaf, University of California, Los Angeles
Economics:

Anne Wein, USGS

Richard Bernknopf, USGS
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Chapter 3. Constructing the Scenario Event

A. Overview

Our goal in the ShakeOut Scenario is to identify the long-term social and
economic consequences of an enormous earthquake in southern California and in so
doing, enable the users of our results to identify what they can change now—relatively
easily and before the earthquake - to avoid catastrophic impact after the inevitable
earthquake occurs. Let’s work backwards to put this into perspective. Our end users want
to identify actions, including policy changes, that will minimize the social and economic
consequences (blue boxes, upper right of fig. 3-1) of an earthquake. To provide them
with the information they need, we had to determine the physical damages (casualties and
losses) caused by the earthquake. But before we could estimate physical damages, we
needed to know about the earthquake ground shaking and fault rupture. So we had to
construct an earthquake, and to do that we took all available earthquake research
information, from trenching and exposed evidence of prehistoric earthquakes, to analysis
of instrumental recordings of large earthquakes and the latest theory in earthquake source
physics. We combined these elements to create a realistic “Big One”—a major
earthquake on the San Andreas Fault—and then we simulated the shaking produced by
this earthquake, using supercomputers and several alternative computer programs, as well
as expert opinion and experience in real earthquakes, in order to test and validate the
ground motions that went into estimating physical damages. This information then fed
forward into the rest of the ShakeOut Scenario.

Earth Science Engineering ] ( Social Science 1 Policy
Design the earthquake: Estimate physical Impact on amnmny-J Identify actions to

Specify ground motions damage Land social systems reduce losses

Figure 3-1. ShakeQut Scenario flow-chart.
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B. The Earthquake Source by Kenneth Hudnut, Brad Aagaard, Robert Graves, and
Thomas Jordan

Contributing Authors: Jonathan Stewart, Lisa Star (also see Appendix B)

Step 1. Choose the fault segment

The earthquake used in the ShakeOut Scenario had to meet several distinct
criteria. It had to be:
e scientifically plausible, in keeping with the latest scientific findings;
e Jlarge enough and close enough to population centers that it would have regional,
long-term consequences; and
e likely enough that it would not be dismissed as a rare or extreme event.

We chose the southern San Andreas Fault as the source of the ShakeOut Scenario
earthquake because of the short recurrence times between great earthquakes on that fault
and because it is one of the best studied faults in the world, with a rich data set to inform
our decisions. A magnitude 7.8 is not the largest earthquake that the southern San
Andreas Fault can produce. Moreover, there are other faults that menace the populated
areas of southern California and that will someday produce earthquakes as large as, or
larger than. the event in this Scenario. However, the recurrence intervals (an estimate of
the average time) between larger earthquakes on those faults are considerably longer,
measured in thousands of years. By contrast, the southern San Andreas Fault has
generated earthquakes of ShakeOut size every 150 years (on average, with actual times
between earthquakes ranging from 45 to more than 300 years).

In the ShakeOut Scenario earthquake, the portions of the fault that rupture include
sections of the San Andreas Fault that last broke about 1680 and 1812, as well as the
southeastern part of the 1857 rupture. The 1680 and 1812 rupture sections are the most
likely to rupture in a great earthquake, because they have gone the longest without an
earthquake. The slip distributions and rupture speeds for those events are not well known,
so we did not model a repeat of a relatively well-documented slip event, as has been done
previously in modeling of the 1857 Fort Tejon and 1906 San Francisco earthquakes.

To define the large-scale features of the ShakeOut earthquake’s slip distribution—
the endpoints, magnitude, and overall rupture length—we used the best available
geological slip rates for the San Andreas Fault, as well as paleoseismic evidence for the
dates of the most recent earthquakes. We employed a simple earthquake recurrence
model, and consensus on parameters and methods that was reached during expert
discussions at multiple meetings and workshops. All features of the ShakeOut Scenario
rupture were decided after considerable expert discussion. In particular, San Andreas
Fault experts participated in two workshops, hosted by the Southern California
Earthquake Center (SCEC) in November 2006 and January 2007, during which
compilations of fault slip rates were combined with knowledge of the dates of the last
event at different points along the fault, as indications of the amount of accumulated
strain. At a fault parameter workshop that was held for the Working Group on California
Earthquake Probabilities (WGCEP) in November 2006, discussion centered on the
selection of a northwestern endpoint, as well as on rupture directivity.

The Scenario earthquake starts at the southeastern end of the San Andreas Fault,
at Bombay Beach (fig. 3-2). This southeastern portion of the fault has not ruptured since
approximately 1680 (Sieh, 1986) and thus has accumulated strain far beyond that released
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in the average San Andreas event. Publications which hypothesize that rupture might
initiate on the southernmost San Andreas Fault have tended to select Bombay Beach as
the nucleation point. The other likely nucleation point is Parkfield, in central California,
based on evidence from 1857 foreshocks, for example, Sieh, 1978; Agnew and Sieh,
1978; Meltzner and Wald, 1999). To the NW of Parkfield, the San Andreas Fault creeps.
Southeast of Bombay Beach, the San Andreas also creeps, as it merges into the Brawley
Seismic Zone. Hence, both Parkfield and Bombay Beach appear to be natural physical
limits to seismic rupture. Both are also thought to be places where end-on loading of the
San Andreas Fault occurs on an ongoing basis, and therefore they are likely places for
events to nucleate (Stuart, 1986). It has been further hypothesized that a moderate
earthquake on a cross-fault in the Brawley Seismic Zone could trigger a San Andreas
rupture (Hudnut and others, 1989). Ultimately, Parkfield was ruled out as nucleation
point for the ShakeOut Scenario earthquake because it lies at the northwestern terminus
of the 1857 rupture; thus less strain has accumulated there.

Deciding how far to the northwest the ShakeOut Scenario rupture should extend
in turn determines the magnitude and the likelihood of the ShakeOut event—a longer
fault rupture produces a larger but less common earthquake. The ShakeOut earthquake
ruptures to the northwest and stops at Lake Hughes, slightly southeast of the Cow Springs
paleoseismic site. Because of the ShakeOut earthquake’s size and relationship to urban
areas, this event, should it occur, would have greater consequences than either a
Coachella-only event (approx. M7.1, on only the southernmost section south of San
Gorgonio Pass, fig. 3-2) or an event like the SCEC TeraShake scenario (M7.7).
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Figure 3-2. Map of California showing the extent of rupture—and thus size—of the last
three earthquakes on the San Andreas Fault.
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Selection of the northwestern endpoint was based in part on spatial variation of
slip in the 1857 earthquake (Sieh, 1978) and earlier events (Rush, 2005). Farther to the
southeast, in the 1857 event the San Andreas Fault does not appear to have had slip as
large as the 7 to 7.5 meters found at the Cow Springs site (Sieh, 1978), and evidence
suggests that the amount of slip takes a sudden drop or sharply tapers to the southeast of
the Cow Springs site (Sieh, 1978). Additional evidence from the Cow Springs site (Rust,
2005) finds large slip in three past events, the most recent of which is thought to be the
1857 earthquake. If slip in each of the last several events was large from Cow Springs to
the NW, yet small to the SE, then more strain energy has been released to the NW, and
more is still stored, awaiting release, to the SE. The precise southeastern terminus of the
1857 rupture is not known, and we do not know whether an earthquake like that in the
ShakeOut Scenario would stop rupturing at the 1857 terminus. After considering all these
inherent uncertainties, ShakeOut fault experts found it reasonable to terminate the
ShakeOut rupture at Lake Hughes, slightly southeast of the Cow Springs site.

Extensive discussion also considered whether a rupture coming from either
direction along the southern San Andreas could continue through the fault’s complex
structure at San Gorgonio Pass (fig. 3-3 fence diagram). Despite concerns about this
point, the majority held the view that a rupture initiating at Bombay Beach would
plausibly continue through San Gorgonio Pass. For some, this view was substantiated by
research within the dynamic rupture simulation group at SCEC, using a simplified fault
model that is vertical, piecewise, and planar (Steve Day, SDSU, personal communication,
2008). Research using more detailed representations of the actual, complex fault surface
may eventually provide fuller verification of the plausibility of through-going rupture at
San Gorgonio Pass.

Figure 3-3. Slip along the San Andreas Fault, as modeled for the ShakeOut Scenario
earthquake, is shown by the height of the red “fence” along the fault. Note that the
maximum amount of slip is at the southern end of the rupture near the Salton Sea, where
it has been more than 300 years since the last earthquake. Slip varies with position along
the fault because of variations in slip rate and in time since the last earthquake. The
diagram shows a further level of variability added as random variation to make a more
realistic fault rupture.
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After the workshop, discussion of ShakeOut Scenario fault parameters continued
informally and resumed during the first Southern San Andreas Fault Evaluation
(SoSAFE) workshop. Discussion included evidence for along-strike variations in the dip
of the San Andreas Fault, and additional research regarding the dip, which would be
submitted for the next version of the SCEC Community Fault Model (CME). Given the
short deadlines of the project, however, the ShakeOut Scenario used the present version
of the SCEC CME.

Once decided, the endpoints of the ShakeOut earthquake defined an event
remarkably similar to one proposed by Weldon and others (2005) at approximately A.D.
1480 (see orange line with bars in lower panel of their Fig. 12, reprinted here as fig. 3-4).
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Figure 3-4. From Weldon and others (2005), the orange line at about A.D. 1460-1480
represents an event similar to the ShakeOut earthquake, with endpoints at Bombay Beach
and Lake Hughes.

Step 2. Specify the fault slip

After the fault rupture was decided, we could define the slip along the fault. This
was done at two scales. First, we defined the static rupture description (also called a
background slip distribution or average slip distribution) for several portions of the fault,
based on paleoseismic and geological data. This provides an estimate of accumulated slip
along each portion of the fault. However, we know from study of past large earthquakes
that these long sections of the fault will not rupture uniformly, and if we did model
uniform rupture, we would create unrealistically large ground motions. Therefore,
computer modeling was done to create a kinematic rupture description with a
randomized variation of the average slip within each 30 km section of fault.

In one or more ways, our approach has departed from prior methods to simulate
large earthquakes on the southernmost San Andreas Fault. For the 1857 Fort Tejon
earthquake, enough is known of surface slip, endpoints, and magnitude to construct a
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simple rupture model and to estimate ground motions using attenuation relations (a
method of estimating ground motion using data from past earthquakes, based on size and
distance of an earthquake). However, insufficient evidence exists to reconstruct the slip
distribution from Cajon Pass to the southeast. Another common modeling approach
would be to project slip details of a roughly similar earthquake that occurred on another
fault; for example, projecting the M7.9 Denali earthquake (for example, Eberhart-Phillips
and others, 2003), onto the San Andreas Fault. This has been done by several
investigators for the 1857 rupture zone as well as for the southernmost San Andreas (for
example, Krishnan and others, 2006; Olsen and others, 2006). We opted instead to model
the rupture that might occur on this fault, based on accumulated slip as determined from
studies along the fault (fig. 3-4).

The static rupture description was computed by assuming that the average
amount of slip to be released in the ShakeOut Scenario earthquake would be the amount
accumulated since the last event at study sites along each portion of the fault. This was
calculated using the latest, best estimates of fault dip, slip rate, date of last earthquake,
and seismogenic depth values from Wills and others (WGCEP App. A., 2008). This
method is similar, but not identical, to the slip-predictable model of Shimazaki and
Nakata (1980). The difference is that our calculations have a variable slip rate along the
fault, whereas their models considered uniform event slip. Although it has become
common-use terminology to describe our method as a “slip-predictable” construction,
this is not strictly true to the original work. In our case, we took the time difference
between the 2008 ShakeOut date and the date of the last event as the “open” time
interval. We multiplied this by the slip rate from WGCEP App. A table, and thereby
obtained the slip. As these parameters vary along-strike, accordingly so does the slip in
our ShakeOut static rupture description. The resulting slip distribution and assumed
parameters are given in Table 3-1, and the static rupture description is shown in fig. 3-5.

This very simple construction was used as the starting background slip in the
kinematic rupture description described later, but was not otherwise used directly in any
of our calculations of ground motions. The attenuation relations could not account for
even this level of complexity in variable slip along-strike, and yet this was far too
simplistic for use in the kinematic modeling. Real earthquakes tend not to exhibit stair-
step slip distributions, and if forward-modeled, the coherence of such a rupture would
produce singularly large and unphysical ground motions.
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Figure 3-5. From Bombay Beach at zero on the x-axis to Lake Hughes at 305 km, slip (in
meters) varies as shown for the ShakeOut average slip distribution model. After initiating
at Bombay Beach and rapidly attaining large slip (and high rupture speed, not shown), the
rupture then slips at a reduced level through San Gorgonio Pass, then increases again
from Wrightwood to Palmdale, and finally ends at Lake Hughes.

Table 3-1. Definition of the ShakeQOut Static Rupture Description.

Latitudes  Longitudes Depths Dip Rate Yrs Slip Length  Section Boundary Points
(km)  (deg) (mmj/yr) (m) (km)

34.698495 -118.508948 NW end: Lake Hughes
13.1 90 28+7 150 4.20 40.63

34.547849 -118.103936
13.1 90 28+7 150 420 3590

34.402927 -117.753579
13.1 90 28+7 150 420  21.10

34.316300 -117.549000
13.1 90 28+7 150  4.20 10.39

34.270900 -117.451000 Cajon Pass - Sect. Jct. Pt.
12.8 90 22+6 195 429 17.12

34.232843 -117.388692
12.8 90 22+6 195 429 12.43

34.173137 -117.274161 Hwy. 18 - Sect. Jct. Pt.
12.8 90 163 195 3.12 544

34.150027 -117.222023
12.8 90 16+3 195  3.12 15.59

34.092795 -117.067674
12.8 90 16+3 195 3.12 539

34.073768 -117.013900
12.8 90 163 195  3.12 11.18

34.033837 -116.902350
12.8 90 16+3 195 3.12  3.63

34011347 -116.873541
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12.8 90 16+3 195  3.12 7.60
33959114 -116.819795

12.8 90 16+3 195  3.12 1.80
33.953154 -116.801391 Millard Cyn. - Sect. Jct.
Pt.
16.4 58 10£3 327  3.27 2.72
33.937411 -116.778598

16.4 58 10+3 327  3.27 8.61
33.944163 -116.685809

16.4 58 10+3 327  3.27 6.47
33.917569 -116.623871

16.4 58 10£3 327  3.27 3.75
33.907018 -116.584856

16.4 58 10+3 327  3.27 6.76
33.884664 -116.516889

16.4 58 10+3 327  3.27 9.35
33.848123 -116.426527

16.4 58 10£3 327  3.27 4.05
33.848518 -116.383007

16.4 58 10+3 327  3.27 14.37
33.788250 -116.246290 Biskra Palms Oasis

11.1 90 20+3 327 654 69.22
33.350090 -115.711920 SE end: Bombay Beach

Our work to create a kinematic rupture description built upon the the recent
experience of Aagaard and Graves in simulating the 1906 earthquake (Aagaard and
others, in press). Their process of creating a fully detailed kinematic rupture description
for the 1906 earthquake led to innovations that we used in creating the ShakeOut
kinematic rupture description.

Beginning with the static rupture description and the relatively complex fault
geometry available in the SCEC CFM-triangular element representation, several
complexities were added to the source with the intent to make it more realistic. Instead of
large rectangular patches with uniform slip, we wanted a rupture description compatible
with the slip found in kinematic source inversions. As described in detail in Appendix A,
transforming the static rupture description into the full kinematic rupture description
involves several steps.

The kinematic rupture description includes shorter length scale variations in slip
than those in the static rupture description. We add a random field with a wavenumber
squared spectral falloff, a standard deviation of 2.0, and wavelengths less than 30 km to
the background slip distribution. This results in maximum slip values about four times
greater than the average slip.
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Rake angles were randomized with a standard deviation of 10 degrees.
Incorporating the temporal evolution of slip requires specifying both how slip occurs at a
point and the progression of the rupture propagation. Brune’s far-field time function
(Brune, 1970) defines the slip time history at each point on the fault with the peak slip

rate related to the final slip by Vimar = 1.2 D[m] . The local rupture speed correlates with
slip using a piecewise linear variation. The maximum rupture speed of 1.4 Vs
corresponds to regions of maximum slip (16 m), regions of average slip (4 m) have a
rupture speed of 0.85 Vs, and regions with negligible slip have a rupture speed of 0.2 Vs.
Additionally, the rupture speed is tapered by 50% over 3 km along both the top and
bottom edges of the rupture (consistent with rupture propagating from regions of unstable
sliding to stable sliding). Slip initiation times are determined from this rupture speed
distribution by tracing the rupture front away from the hypocenter assuming locally
circular wave fronts. The full kinematic rupture description projects the spatial and
temporal evolution of slip onto the 3-D, non-planar fault geometry of the SCEC
Community Fault Model (fig. 3-6).
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Figure 3-6. The SCEC Community Fault Model (CFM) exists both in the form of rectangular
elements, and also triangular elements. This finer resolution, more smoothly varying
surface model was used for our kinematic rupture description for the ShakeOut source.

For each subfault, the following parameters were defined:

* Slip time (ime in seconds at which slip begins)

» Slip vector (slip vector in meters in 3-D coordinate system associated with
displacement on east side of fault)

* Slip (slip vector in meters in along-strike, up dip, opening coordinate system)
e Slip rate (peak slip rate in meters)

* Rupture speed (rupture speed in meters/second)

* Strike dist (distance along-strike in meters from southeast end)

* Dip dist (distance down dip in meters from top end)

* Rise time (yime in seconds for 95% of the slip to occur)

34



Simulated ground shaking was calculated for two versions of the kinematic
rupture description. The difference between version 1.1 and version 1.2 was in the
amount of slip heterogeneity (that is, random variability) at short length scales, which
was increased in version 1.2. Fig. 3-7 shows a cross-sectional comparison of the two
versions, and fig. 3-8 compares surficial slip along-strike for both versions. Where
critical lifeline infrastructure crosses the fault, these seemingly minor differences in slip
were significant in some cases.
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Figure 3-7. Cross-sectional view of the comparison between version 1.1 (bottom) and
version 1.2 (top) of the ShakeOut kinematic rupture description.
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ShakeOut Rupture Models v.1.1.0_vs._v1.2.0
Surface Slip (right-lateral component in meters)
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Figure 3-8. Comparison of slip in meters at the surface of the Earth, along-strike of the
fault for both the version 1.1 (red line) and version 1.2 (blue line) kinematic rupture
descriptions.

Table 3-2. Summary of ShakeOut Rupture Description.

Fault Segment

e  Magnitude 7.8

e  Unilateral rupture from southeast to northwest

e SE endpoint (Bombay Beach): 33.35009, -115.71192

e NW endpoint (Lake Hughes): 34.698495, -118.508948

Static Rupture Description

e 23 points along-strike, from SCEC Community Fault Model—rectangular surface representation

e  Slip recurrence model to construct slip distribution along-strike

e  Slip rates, dips, and depths for all sections of the San Andreas from the WGCEP; used Appendix
A. by Wills, Weldon and Bryant, March 1, 2007—draft version

Kinematic Rupture Description

e Uses SCEC CFM - triangulated surface representation

e Convolves a 30-km wavelength random slip function with the static rupture description.

e  Applies scaling criteria to the slip distribution to generate the rise time and rupture speed.

e  Computes contours showing the rupture front at one-second intervals.

Step 3. Model ground shaking

The sudden slip of one side of the fault past the other, described in the last
sections, produces shaking as one of its effects. This shaking moves the ground, and it is
these ground motions that we feel and that cause most of the damage in an earthquake.
Thus, accurate estimates of damage depend first and foremost on a realistic description of
the ground motions. The goal of this aspect of the ShakeOut Scenario effort was to

36



predict what ground motions would arrive at sites around southern California to shake the
buildings, roads, pipelines, and other structures that are needed by our society.

For this part of the ShakeOut we turned to seismologists, who can study ground
shaking at sites in order to understand motion on a fault and the structure of the Earth.
For many years, seismologists have understood how to apply the basic physics of waves
to calculate the waves produced by a fault as it ruptures, and they have estimated how the
waves and thus the ground shaking will change as the waves move away from the fault
through different types of rock. The techniques to do these estimations are not difficult or
new and have been validated through repeated experiments. What is new is that
information technology has advanced to the point that seismologists can now use
supercomputers to address the complications that develop when waves travel through the
complex geologic structures that underlie southern California. The ShakeOut Scenario
was fortunate to be able to take advantage of major advances in the application of
information technology to seismology made within the SCEC information technology
research program.

Ground motions depend on three first-order effects (which will affect shaking at
every site) and several secondary effects (which will affect shaking at some sites). The
first factor is magnitu