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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.
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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

17



ShakeOut Scenario Contributors
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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

27



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

32



— — — Q) =

—

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)
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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
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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 magnitude—a bigger earthquake produces more energy, which means more
energy arrives at any site. The magnitude depends on both the area of the fault that moves
and the amount of slip. Each point on the fault radiates energy proportional to the amount
of slip at that point. The second factor is distance from the fault because the shaking
attenuates as it travels through the crust. The third factor is soil conditions—the
characteristics of the soil or rock at a particular location affect the amplitude and duration
of the shaking at that site. The secondary factors include directivity, in which ground
motions are focused in the direction of rupture propagation and are diffused at the 180-
degree-opposite direction) and radiation pattern, variations in energy distribution that
depend on the orientation of the fault that is rupturing.

Our physics-based simulations can model all of the factors, primary and
secondary, that affect ground shaking, using two inputs: (1) the rupture model we created
in Step 2 and (2) a velocity model that describes the seismic characteristics of the
southern California rocks through which the waves propagate. The computer codes then
run on supercomputers to use physics-based simulation algorithms that model how the
waves propagate, scatter, attenuate and resonate through the different types of rock and
sediment. 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 use different computer codes and modeling
algorithms to make independent models of the ground motions using the same input
rupture model and two distinct velocity models.

Three separate, collaborative groups within the SCEC Community Modeling
Environment modeled the ShakeOut earthquake ground motions. Initially, the kinematic
rupture description was announced through e-mail to all potentially interested SCEC
modelers (SCEC ShakeOut Simulation Group, in preparation), and shared in standard
format from an anonymous ftp site. The initial release (version 1.1) later was refined in
version 1.2, which used a rougher slip distribution and less coherent rupture front.
Version 1.2 also provided two alternative rupture models, discussed in more detail below.
In one of the alternative rupture models, the rupture initiates at the northwest end and
propagates to the southeast; in the other, rupture nucleates near San Gorgonio Pass and
propagates bilaterally (in two directions) to the northwest and southeast. Some simulation
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groups had already used version 1.1 and have not since re-run their models with version
1.2. One of the simulation groups only ran version 1.2, then also ran the alternative
scenarios. As a result, we have the best basis for comparing three groups’ results using
the version 1.1 model, but for assessing rupture directivity effects and differences among
modeling groups, we have the best basis for comparisons using version 1.2.

In general, agreement seen among the simulation methods is reasonably good, as
illustrated by the Carnegie-Mellon group on their SCEC 2007 poster (Taborda and others,
2007) and in fig. 3-9. In ongoing research, the SCEC collaboration is actively pursuing
more rigorous cross-comparisons among the modeling results so that discrepancies may
be identified and understood (SCEC ShakeOut Simulation Group, in preparation); and is
also pursuing full dynamic rupture simulations to examine the effects of source
complexity on the ground motions from ShakeOut-type events (Day and others, in
preparation).
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Figure 3-9. To illustrate the comparison among results of the three simulations conducted
by the SCEC ShakeOut Simulation Group (funded by the National Science Foundation), this
snapshot was taken at 1 minute, 30 seconds after rupture initiation. The color scale is
linear, and the map scale is common to all panels. In general, the positions of the main P-
wave and S-wave arrivals are similar, as are the patterns of the largest-amplitude—
hence most damaging—shaking. Left panel result is from URS, Inc. and University of
Southern California. Center panel result is from San Diego State University, San Diego
Supercomputer Center. Right panel is from Carnegie-Mellon, TeraGrid Pittsburgh
Supercomputing Center. (Image courtesy of Geoff Ely, SDSU/UCSD/SDSC.)

An additional set of simulations, performed by Prof. Chen Ji of University of
California, Santa Barbara, used a significantly different approach and a different velocity
model and further validated results obtained by the SCEC group. Because the velocity
structure used by Ji is more complex, it was expected that results might differ greatly
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from those of the other groups. His initial results emphasize differences in the amplitude
and pattern of ground motions through the Los Angeles area, as shown in fig. 3-10.
However, although significant differences exist in some places, they are on the order of
less than a factor of two, lending a much greater degree of certainty to the ShakeOut
modeling results, given the consistency of the overall results of all forward simulations
despite the wide range of approaches taken to this problem. It is important to ShakeOut
damage estimates that the results in fig. 3-10 have comparable amplitudes in many areas
with tall buildings.
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Figure 3-10. Upper panel shows the E-W component of Graves's result, and lower panel
shows the E-W component of Ji's result for comparison, using the same color scale. Itis
important to ShakeOut damage estimates to note that the results have comparable
amplitudes in many areas with tall buildings.

Several features are consistent across all the models, including the following:

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

* Strong shaking with moderate 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.
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The first three features could be called “mundane” — these are the standard
motions seen in all great earthquakes. The last feature, the pockets of very strong shaking
in Los Angeles, are the type of variability that has caused damage—sometimes far from
the fault—in many previous large earthquakes, including Mexico City in the 1985
Michoacan earthquake, Santa Monica in the 1994 Northridge earthquake, and Santa Cruz
or Watsonville in the 1989 Loma Prieta earthquake.

The details of these features depend on which model is used, but some version of
them shows up in each model. Variability in the pattern of shaking results from both the
focusing of energy towards Los Angeles (see discussion of rupture directivity below),
and the amplification and resonance of energy in the sediments of the San Gabriel and
Los Angeles basins, as is typical of sedimentary basins.

For the past thirty years, before the recent advances in information technology,
ground motion predictions have typically been made using attenuation relations, and
these have become standard tools that engineers use in order to forecast the expected
shaking at a site. Attenuation relations are based on statistical evaluations of empirical
data from a database of past, recorded earthquakes. They generally do a poor job
estimating ground motions in an earthquake like the ShakeOut earthquake, for several
reasons:

* Scientists have only been collecting empirical data for a very short amount of
geologic time and so we lack needed data, particularly for the largest earthquakes,
which occur more rarely than smaller events.

* The relations cannot account for the physics of the fault rupture or of wave
propagation and instead predict the mean value of ground shaking expected at a site
as a function of magnitude, distance from the fault, and site conditions. The actual
recorded ground motion could be substantially higher or lower.

* The relations can lead to a very uniform distribution of ground motions, which is
potentially unrealistic when then used to model one particular earthquake. A real
earthquake has significant spatial variability from directivity and radiation patterns as
well as propagation effects, and the physics-based modeling is better able to identify
the places that are surprisingly spared as well as the places where the shaking is more
intense and continues for longer than expected.

In real earthquakes, most damage is concentrated in the areas of highest shaking.
Damage is not a simple linear function of shaking level but rather often demonstrates a
strongly non-linear acceleration toward failure at the highest shaking levels. Pockets of
strong shaking that also undergo a long duration of high shaking are particularly prone to
damage, and attenuation relations (unlike the physics-based simulation of the ShakeOut
Scenario) cannot identify areas that undergo a long duration of strong shaking.

Because of the prevalence of attenuation relations in engineering, we have
compared the results of the synthetic ground motion models to the ground motions
predicted by the latest attenuation relations from the Next Generation Attenuation (NGA)
project.

Fig. 3-11 shows the values of one of the ShakeOut Scenario models compared to
the predictions of NGA models. The comparisons are made for several engineering
parameters, including peak ground acceleration, and 1-second and 3-second spectral
acceleration. These show that the physics-based models create a wide distribution of
values at any distance from the fault (as is seen in real earthquakes), with a mean value
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that appears adequately close to the NGA predicted value. When we look more closely at
the comparison between the two, we find that there is a trend with period that is plausible
because it falls within one standard deviation.

01

PGA (g)

0.01

0.1 1 10 100 0.4 1 10

Closest Distance Closest Distance

Campbell and Bozorgnia (2006)
—— Chiou and Youngs (2006)

Figure 3-11. Comparison of next-generation attenuation (NGA) relation (Campbell and
Bozorgnia, 2008 in green, and Chiou and Youngs, 2006 in red) with physics-based
simulations (shown as grey points are values computed by Rob Graves, using source
version 1.1) of the ground motions for the ShakeOut Scenario earthquake.

Fig. 3-12 shows the mean of the residuals of the Graves model with the Campbell
and Bozorgnia (2008) NGA relation for three possible hypocenter locations. The figure
also shows the event terms, which express the average offset of any single earthquake’s
motions from those predicted by the attenuation relation. At short periods the synthetic
ground motions are generally low compared to the attenuation relation, while at long
periods they are generally high. This was true when we looked at comparisons with other
attenuation relations as well. However, because the residuals generally fall within one
attenuation relation event term standard deviation, we would not consider the physics-
based ground motion simulation scenarios to be unrealistic. Based on these comparative
analyses we conclude that these ground motions are plausible, displaying the mean values
and variability that we see in real events.
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Figure 3-12. Average of residuals (red squares) between simulations and empirical
predictions from the model of Campbell and Bozorgnia (2008) as a function of period for
three hypocenter cases. Positive values indicate the simulations predict larger motions
than the empirical model; negative values indicate smaller simulated values compared to
the empirical model. The error bars indicate +/- 1 sigma for the residuals. The heavy
dashed lines plot the +/- 1 sigma level of the inter-event term from the empirical model.

A discrepancy was found between the synthetic models and the attenuation
relation in the attenuation of ground motions with distance. We found that the computer
simulation generally gives larger ground motion close in to the fault, but attenuates faster
with distance than predicted by attenuation relations. The disparity between the
attenuation rates varies with period and may explain some of the bias compared to the
event terms. We corrected for this discrepancy and found indication that the correction
was valid during a preliminary examination to compare the differences between the
attenuation relation and the synthetic model predictions for site conditions. Once the
discrepancy for distance had been taken into account, trends with basin depth and shear-
wave-velocity for residuals of the computer model and the Campbell and Bozorgnia
NGA relation are negligible.

As seen in fig. 3-13, the ShakeOut earthquake produces large ground motions
throughout much of southern California. Motions along the fault are especially strong, as
are bands of strong shaking that radiate outward along the axes of sedimentary basins that
happen to be elongated in the direction that energy radiates from the fault.

Duration of strong shaking will be an important contributor to damage in any
earthquake as large as the ShakeOut Scenario earthquake, and is due to the length of time
that it takes for such a long fault to rupture and the reverberation of waves trapped in
sedimentary basins. In the ShakeOut Scenario earthquake, the San Bernardino Valley is
shaken extremely strongly but for a relatively short duration, as are Wrightwood and
Palmdale. The Coachella Valley is strongly shaken for a longer duration. Lower
amplitude, but much longer duration ground motions (Table 3-3) are seen in the Los
Angeles Basin. Notably, a band of strong ground motions arcs from East Los Angeles
towards (but not quite reaching) Torrance.
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Figure 3-13. Ground motions throughout southern California from the ShakeOut event are
large, especially along the San Andreas Fault and in deep basins such as the Coachella
Valley and Los Angeles Basin. Energy that is focused through the basin in San Bernardino
passes into East Los Angeles and near the downtown Los Angeles area. Shown here is
the spectral acceleration (SA) at a period of 3 seconds.

Table 3-3. Onset Times and Durations of Strong and Very Strong Shaking.

Location Seconds after start of Seconds after start of Duration of very
earthquake that strong shaking earthquake that strong strong shaking
begins at this location shaking ends at this location
Palm Springs 25 60 35 sec
San Bernardino 45 75 30 sec
Los Angeles 70 125 55 sec
(downtown)
Orange County 70 105 35 sec
Santa Monica 85 150 65 sec
Palmdale 75 90 15 sec
Ventura 105 160 55 sec

Rupture directivity occurs when energy is focused in the direction that a fault is
rupturing, and it can greatly increase ground shaking. We examined the contribution of
directivity on the ShakeOut ground motions and determined that rupture from the
southeast to the northwest produces the strongest directivity effect within southern
California. This finding correlates with SCEC Terashake (Olsen and others, 2006)
simulation results. Unfortunately, then, the San Andreas Fault rupture that is most in
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keeping with accumulated slip—the rupture that begins at Bombay Beach and ruptures to
the northwest—would increase shaking in many of the heavily populated valleys of
southern California, because of rupture directivity as well as the amplification of shaking
in sediments that fill those valleys.

To examine the contribution of rupture directivity we created synthetic ground
motion waveforms for the ShakeOut and two alternative kinematic rupture models. In
one alternative (the “Central” alternative), the earthquake rupture begins near San
Gorgonio Pass and spreads bilaterally (in two directions) to the northwest and southeast.
In the other alternative (the “North” alternative), the rupture starts in the northwest at
Lake Hughes and ruptures southeast to terminate at Bombay Beach. Table 3-4 specifies
the rupture initiation points for the ShakeOut earthquake (“South™) and both alternatives.
Fig. 3-14 compares the waveforms. The “Central,” bilateral rupture produces a similar
directivity effect yet significantly smaller ground motions in Los Angeles. The “North”
alternative shows little or no directivity effects. However, all three alternatives would still
produce extended duration of shaking as well as strong ground motions in long-period
waves that are potentially very damaging, even without directivity.

Table 3-4. Kinematic rupture initiation points.

Rupture Alternative Longitude Latitude Depth (km)
South (ShakeOut) -115.7068 33.3451 7.6
Central -118.2900 34.6169 8.1
North -116.7419 34.0445 15.1

LADT
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Figure 3-14. Comparison of ground motion waveforms for the three different cases of
rupture directivity as recorded in Los Angeles. The uppermost panel, labeled South, is the
ShakeOut rupture with rupture beginning at the southeast end of the fault at Bombay
Beach. The middle panel, labeled Central, is for the bilateral case with rupture initiating
near San Gorgonio Pass. The lowermost panel, labeled North, is for the case in which
rupture begins at the northwestern end near Lake Hughes and propagates towards the
southeast.

Step 4. Set engineering parameters

Using the SCEC simulation done by Graves, the ShakeOut Scenario then
calculated additional engineering parameters. The physics modeling was used to create a
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synthetic seismogram of ground motion at each of 25,500 grid points across southern
California, with spacing of 2 km x 2 km. These seismograms were processed in standard
ways to calculate various ground motion parameters used by engineers to estimate
damage to structures. Ground motion parameters are descriptions of how the ground
moves as a result of different measures of earthquake waves, because different kinds of
structures are damaged by different kinds of waves. Ground motion parameters used in
the ShakeOut Scenario are peak ground acceleration (PGA), peak ground velocity (PGV),
Modified Mercalli Intensity (MMI), and spectral accelerations at 0.3, 1.0, and 3.0 seconds
(fig. 3-15).

These parameters describe different aspects of the ground motion. Each will
matter more in some locations than in others, and to some structures more than others.
PGA is the most commonly used, but it does not capture all the information needed to
estimate structural damage due to an earthquake as large as that in the ShakeOut
Scenario, because it measures only the force applied at one moment in time and thus does
not reflect the increased duration of strong shaking in the largest earthquakes. PGV is
also an instantaneous measure, but the peak velocity increases when force is applied for a
longer time and therefore PGV does a better job at indicating the impact of the long
duration of very large earthquakes.

We also plotted Modified Mercalli Intensities (MMI), because this is a way of
looking at damage that is familiar to many in the engineering and emergency
management communities. We estimate the MMI values from the relationships between
instrumental recordings of PGA and PGV developed by ShakeMap (Wald and others,
1999). At lower levels of shaking, the intensity is determined from PGA. At higher levels
of shaking, above MMI VII, the dependency is on PGV. That relation is
MMI = 3.47*log, (PGV) + 2.35
Wald and others (1999) found PGV to be a better predictor of higher levels of damage
because it better reflects the impact of longer-period accelerations, which when applied
for a longer time will result in larger ground motions. However, the PGV-MMI
relationship was developed using data from smaller earthquakes (up to magnitude 7) and
thus does not include the effect of the particularly long durations observed in the
sedimentary basins in earthquakes as large as the ShakeOut Scenario event.
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Figure 3-15. Engineering parameters of the ShakeOut Scenario earthquake: A) Peak
Ground Acceleration (PGA). B) Peak Ground Velocity (PGV). C) Modified Mercalli
Intensity. D-E) Spectral Acceleration (SA) at 0.3 and 1.0 seconds. Spectral Acceleration at
3.0 seconds is shown earlier, in fig. 3-13.

C. Ground Deformation by Daniel J. Ponti, John C. Tinsley lll, Jerome A. Treiman
and Hope Seligson

Overview

Earthquakes of moderate to large magnitude commonly produce permanent
deformation of the ground surface. The deformation may occur as displacements across
planar fractures and narrow deformation zones, or as mass movement of earth materials;
the sizes of these displacements range from as little as a millimeter across in the case of
small cracks, to tens of kilometers in the case of rock avalanches and soil flows. Common
displacement features include open cracks and fissures, various combinations of
horizontal and vertical dislocations across surface fractures or zones of shearing, and
buckling or heaving of the ground surface. Ground deformation features produced by an
earthquake are highly localized and affect a small region when compared to the area
affected by shaking. Nevertheless, even small amounts of ground displacement can be
devastating to structures and buried utility systems and may produce significant
casualties. Therefore, where ground deformation occurs, the impacts can significantly
increase losses and damages from those produced by shaking alone.

Ground displacements from an earthquake results from two different kinds of
mechanisms. Tectonic deformation produces direct movement along the earthquake
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fault, and this displacement can reach the surface as the fault rupture propagates from
depth. Even where the fault rupture does not reach all the way to the surface, faulting to
shallow depths can cause strain concentrations that result in fissures or buckling of the
ground surface. Tectonic deformation is highly localized along the surface fault trace or
along the surface projection of the fault. Fault rupture that breaks through to the surface is
commonly referred to as primary surface faulting and is the principal type of tectonic
ground deformation that the ShakeOut Scenario earthquake will produce.

The second type of earthquake-induced permanent ground deformation is ground
failure, a secondary effect of earthquake ground motions that occurs where shaking is
sufficiently strong to cause masses of earth material to move under the influence of
gravitational forces as well as inertial forces from the earthquake shaking. The two
principal kinds of earthquake ground failure mechanisms are landsliding and liquefaction.
Landslides occur when ground motion forces are sufficiently strong to overcome the
shear strength of the surficial materials. Liquefaction occurs where strong ground motions
produce a rise in pore-water pressures that in turn causes granular material to briefly lose
strength and liquefy. This can lead to settlement and a special type of earthquake-induced
landslide known as a lateral spread. The likelihood that an earthquake-induced ground
failure will occur at any given location depends on the intensity of ground shaking and
the overall susceptibility of near-surface materials at that location.

The ShakeOut Scenario earthquake is sufficiently large that ground deformation
can be expected to occur throughout the eight-county ShakeOut study region. Effects
include significant primary surface faulting along the trace of the San Andreas Fault
between the Salton Sea and Lake Hughes, landslides within the San Gabriel and San
Bernardino Mountains and other areas with steep terrain, and liquefaction-induced lateral
spreads and settlement in basins and river valleys where susceptible conditions prevail.
In this section we present a regional assessment of the surface faulting hazard, and the
probability of liquefaction and landsliding occurrence throughout the region from this
event, and we discuss the likely impacts of these failures on the built environment.
General discussion on the origin and types of ground deformation features, and examples
of surface faulting, liquefaction and landslide features that have been observed from past
earthquakes are presented in Appendix C. In addition, Chapter 4B and Appendices E-G
provide more a detailed analysis of ground deformation impacts along several major
lifeline corridors, highlighting one of the major consequences of ShakeOut ground
deformation.

Expected Deformation Due to Primary Surface Faulting

Primary surface faulting ranks among the more visually impressive effects of
many moderate and large earthquakes (fig. 3-16), and like many of the physical
characteristics of the Earth’s surface, is largely a result of plate tectonics, where a brittle
upper crust rides atop a ductile and deforming lower crust and mantle. Tectonic ground
deformation has created California’s principal landscape elements, including the
Transverse Ranges, the Great Valley, and the Salton Trough. The centerpiece is the San
Andreas Fault, an active tectonic plate boundary that extends from the Salton Sea in
southern California to the Mendocino Escarpment in northern California.
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Figure 3-16. The surface rupture of the Denali Fault in Alaska is shown about 140 km east
of the epicenter of the M7.9 earthquake of November 3, 2002. Although the trace is not
perfectly straight, note the narrow width of the rupture itself across much of the
countryside; this attribute is often characteristic of strike-slip faults such as the San
Andreas Fault. We anticipate that the width of the surface rupture of the southern San
Andreas Fault will be narrow over much of its length, much as this photo depicts.
Photograph by David P. Schwartz, U.S. Geological Survey.

Although the San Andreas Fault hasn’t ruptured in southern California since
1857, careful observations and studies of other San Andreas Fault earthquakes and on
similar fault ruptures elsewhere in the world have provided numerous examples of what
the surface rupture of a great southern San Andreas Fault earthquake will look like. The
San Andreas Fault is a right-lateral, strike-slip fault, which means that displacement
across the fault surface is dominantly horizontal, with one side of the fault zone moving
to the right relative to the other side. Where faulting occurs along a single strand or trace
(as shown for the Denali Fault in fig. 3-16), the displacement is typically concentrated in
a zone that is rarely more than a few meters wide, even if the displacement across the
fault is large. Where the fault-surface geometry changes at depth, or where fault ruptures
traverse areas underlain by relatively thick unconsolidated deposits or encounter a
contrast in materials along their trend, the pattern of surface fractures that develops may
become significantly more complex. Wide zones that contain multiple fault traces or
splays, uplifted areas (pressure ridges), and depressions (graben and sag ponds) are
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typical expressions of these types of variations and complexities. Where fault slip at the
surface is low (less than 1 meter), rupture is often represented by short, discontinuous, en
echelon fissures that define a zone of surface faulting a few meters wide. Such features
are expected to occur near the ends of the ShakeOut rupture and on secondary strands
within the fault zone that carry only a portion of the total slip.

Large surface-rupture displacements can cause considerable damage to structures
that are built across the fault. However, the number of structures affected by surface
faulting is extremely small compared to the number of buildings that are damaged from
strong ground motion across a region. Specific effects of fault rupture to structures or
buried utilities depend on both the amount of fault slip and the orientation of the fault
trace relative to the manmade features. Depending on this relationship, man-made
structures may be stretched or shortened by the faulting, in addition to being sheared.
Examples of the variety of fault displacements that have been observed from past
earthquakes and the kinds of impacts that can occur are described in more detail in
Appendix C.

In addition to primary surface rupture on the causative earthquake fault, a few
millimeters of surface displacement may occur on other faults within a region of strong
ground shaking. Such displacements are commonly referred to as triggered slip and have
been reported in southern California following the 1986 Palm Springs, 1992 Landers and
1999 Hector Mine earthquakes (Williams and others, 1988; Bodin and others, 1994;
Rymer and others, 2002). The process controlling triggered slip is poorly understood, but
it is generally thought to be a result of near-surface strain release resulting from transient
stress changes produced by earthquake ground motions. Given the size of the ShakeOut
earthquake and evidence for triggered slip that has occurred in other southern California
earthquakes, it appears likely that triggered slip will occur on nearby faults; we do not
anticipate any significant damage from triggered slip, however, and we have not
evaluated this phenomenon for the ShakeOut study.

Regional Assessment of Primary Surface Rupture from the ShakeOut Earthquake

Methodology

The ShakeOut earthquake rupture model described in Chapter 3B explicitly
defines rupture on the San Andreas Fault for the Scenario event. As described previously,
a background (static) rupture distribution was created to constrain a more complex,
kinematic rupture description overlain on the SCEC triangular-element Community Fault
Model. For the purpose of estimating primary surface rupture, we used the kinematic
rupture model, v. 1.2, and took the total slip on the fault computed for each of the
uppermost triangular facets of the fault surface, which represents the average slip
computed for the top 500 m of the fault. Each of the slip values was assigned to the
location of the centroid of its corresponding fault facet, yielding a modeled slip value
every 500 m along the surface of the fault rupture zone.

To predict how the modeled fault slip will impact the ground surface, it was
necessary to develop a method for translating the predicted slip points to mapped traces
of the San Andreas Fault where the actual ground displacements are likely to occur. The
fault traces selected for the ShakeOut surface rupture were traced from best available
large- to medium-scale maps, primarily the most recent version of the California
Geological Survey (CGS) Quaternary fault database (Bryant, 2005), with additional
adjustments based on mapping from Barrows and others (1985), Clark (1984), Matti and
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others (unpublished), Morton and Miller (2003), Perez and Bryant (2007), Smith (1979),
Treiman (1994), Weldon (1986) and Yule and Sieh (2003). At a few locations, additional
fault-trace mapping was performed using limited interpretation of aerial photo and
LiDAR remote sensing.

In the simplest cases, where the San Andreas Fault is expressed at the surface as a
single trace, modeled slip was assigned to 500 m-long segments of the fault by projecting
slip orthogonally to the fault trace from the slip points provided by the kinematic rupture
model. However, along much of its length, the San Andreas Fault is not expressed as a
single fault trace, but by a zone of active traces; variation in complexity is generally due
to complexities in the geometry of the fault plane at depth, as well as the nature of the
rock or soil at the surface. Where multiple traces exist, expert judgment was used,
incorporating both familiarity with the San Andreas Fault and observations of slip
distributions in similar strike-slip earthquakes on other faults, to apportion the modeled
fault slip among the mapped fault strands. Models for distributing fault slip among
mapped strands of the San Andreas Fault were constructed first by CGS in four focus
areas along principal lifeline corridors (Chapter 4B) and extended, where practicable, to
mapped strands throughout the entire rupture zone. These assigned slip values are
reasonable for defining effects specifically from the ShakeOut earthquake, but should not
be treated as an actual prediction of fault slip at any particular location, nor should these
values be taken as the maximum slip expected at any particular location for any other San
Andreas Fault earthquake.

Even where a single fault trace is mapped, observations of surface faulting in past
events have shown that not all displacement occurs across a single plane, but can be
distributed across a zone from less than one to hundreds of meters wide, although the
majority of slip is usually concentrated across a single fault plane surface. To account for
the possibility that some fault disruption may occur away from mapped traces, and also to
account for potential map inaccuracies in the locations of the fault traces, a 40-meter-
wide “buffer” zone, centered on the mapped fault strand, was assigned to each individual
trace. For the purpose of our analyses, we assume that all of the fault displacement will
occur within this 40-meter-wide zone centered on a mapped fault strand. Treating fault
slip in this way has the added benefit of providing some guidance about the potential
maximum length over which lifelines may be disrupted where they cross the fault,
especially where lifelines cross the fault at highly oblique angles. Fig. 3-17 gives an
example of the association among the mapped fault strands, the modeled buffer zones,
slip model points, and crossing lifelines (lifelines that cross the fault), as evaluated for
this study.
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Figure 3-17. Map of a portion of the San Gorgonio Pass area, showing mapped fault
strands (thin dark grey lines), the 40-m-wide modeled fault buffer zones color-coded by
slip magnitude, fault slip from the v. 1.2.0 kinematic rupture model (red dots), and several
crossing lifelines. Note how the Interstate-10 freeway (double red lines, bottom of figure)
and the fiber optic line (blue) run nearly parallel to the southernmost fault trace. Here,
fault disruption impacts these lifelines over a long distance.

Surface Rupture Impacts

Fault displacement of more than a few centimeters can have devastating effect on
structures. Overall, ShakeOut fault rupture will be dominated by strike-slip, or horizontal
displacement, causing structures and lifelines that straddle the fault to be sheared
laterally. In some areas, especially in the San Gorgonio Pass area, small components of
vertical displacement are likely to disrupt road grades, drainage systems, and any
structures on the fault. Fortunately, there are few structures at risk of direct fault damage
from the ShakeOut earthquake, because of 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. Some older buildings in the town of Wrightwood (which straddles the
fault), on the outskirts of Palmdale, and at a few other locations will likely suffer severe
damage from surface rupture; but overall loss to structures due to surface rupture will be
minimal, relative to losses from ground shaking.
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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 effects of ground deformation to lifelines in these
“corridors,” along with the economic impacts of these disruptions, are treated in great
detail later in this report. We summarize here regional statistics with respect to all lifeline
fault crossings. Details of disruptions to lifelines within several key corridors are given in
Chapter 4B.

Roadways—Major highways, secondary roads, and surface streets intersect fault
strands within the ShakeOut Scenario fault rupture zone at 966 locations (fig. 3-18;
Appendix D, Table 1). Road displacements range from 2 cm to 8.3 meters. Most critical
of these crossings are the Antelope Valley Freeway (CA-14), which is displaced a
maximum of 2.95 m, Interstate 15 at Cajon Pass (maximum displacement 2.38 m), the
Interstate 10 at San Gorgonio Pass (maximum displacement 0.7 m), and Interstate 10 in
the Coachella Valley (maximum displacement 6.7 m). Important secondary highways
affected by surface rupture include CA-111 near Niland (3.9 m displacement), CA-62
near Desert Hot Springs (0.71 m displacement), Box Canyon Road near Desert Center
(6.6 m displacement), and Big Pines Highway near Valyermo (7.6 m displacement),
among others.
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Figure 3-18. Map showing locations (dots) where roads cross the ShakeOut Scenario fault
rupture. Roads cross strands within the fault zone 966 times; road displacements range
from 2 cm to 8.3 meters. Road crossing details are given in Appendix D, Table 1.
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Railways and Transit Lines—Railroads cross the ShakeOut rupture zone 21 times,
with displacements from 4 cm to 8.3 meters (fig. 3-19; Appendix D, Table 2). Railroad
crossings are confined to the Palmdale area, Cajon Pass, San Gorgonio Pass, and near the
Salton Sea. The largest displacement occurs to the Union Pacific tracks near the Salton
Sea (8.3 m). In addition to the main rail lines, the MetroLink Antelope Valley commuter
line 1s disrupted as much as 3.12 m at the fault crossing near Palmdale.
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Figure 3-19. Map showing locations (dots) where railroad and transit lines cross the
ShakeOut Scenario fault rupture. There are 21 rail crossings of strands within the fault
zone (some dots represent multiple strands); modeled displacements range from 4 cm to
8.3 m. Details of the crossings are given in Appendix D, Table 2.

Aqueducts—Several major water-supply aqueducts serving urban southern
California cross the ShakeOut fault rupture; these include the Los Angeles Aqueduct, the
California Aqueduct, the MWD Colorado River Aqueduct, and the Coachella Canal.
These aqueducts cross the ShakeOut Scenario rupture zone at 32 locations and offsets
range from 4 cm to 8 m; the largest displacement occurs on the Coachella Canal near the
town of Coachella (fig 3-20; Appendix D, Table 3).
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Figure 3-20. Map showing 32 locations (dots) where major water supply aqueducts
(colored lines) cross rupturing strands within the ShakeOut Scenario fault rupture zone
(some dots represent multiple strands). Modeled displacements range from 4 cm to 8 m.
Details of the crossings are given in Appendix D, Table 3.

Fiber Optic Communication Lines—Based on a database of fiber optic trunk
lines, fiber optic lines cross the ShakeOut Scenario rupture zone 90 times, with
displacements ranging from 7 cm to 11.16 meters (fig. 3-21; Appendix D, Table 4).
These lines are concentrated along the four principal lifeline corridors (Palmdale, Cajon
Pass, San Gorgonio Pass, Coachella Valley), but a few crossings occur at Valyermo and
along the eastern shore of the Salton Sea.
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Figure 3-21. Map showing locations (dots) where major fiber optic lines cross the
ShakeOut Scenario fault rupture. There are 90 fiber optic line crossings of strands within
the rupture zone; modeled displacements range from 7 cm to 11.16 m. Details of the
crossings are given in Appendix D, Table 4.

Oil and Gas Pipelines—Major petroleum and natural gas pipelines also cross the
ShakeOut Scenario rupture zone through the major lifeline corridors at 39 locations.
Displacements range from 2 cm to 8.26 meters, with the largest displacement occurring
near the Salton Sea (fig. 3-22; Appendix D, Table 5). In general, pipelines can best
withstand fault displacements when deformation places the pipeline in tension rather than
compression or shear. Based on their orientations relative to the fault zone, pipelines in
the Palmdale, San Gorgonio Pass, and Coachella Valley areas would likely undergo both
shearing and tension, whereas in the Cajon Pass region, most pipelines would likely
experience both shearing and compression as a result of the ShakeOut earthquake.
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Figure 3-22. Map showing 39 locations (dots) where oil and gas pipelines cross the
ShakeQut Scenario fault rupture, primarily in lifeline corridors. Modeled displacements
range from 2 cm to 8.26 m. Details of the crossings are given in Appendix D, Table 5.

Electric Power Transmission Lines—QOverhead electric power transmission lines
cross traces of the ShakeOut Scenario fault rupture at 141 locations. Many lines cross the
fault within the four principal lifeline corridors, but others cross the fault elsewhere (fig.
3-23; Appendix D, Table 6). Fault displacement at these crossings ranges from less than 2
centimeters to 7.2 meters. It is likely that many of these fault crossings will not result in
significant damage to the transmission lines, because the cables are able to accommodate
significant slip. Where lines cross the fault with a more easterly trend than that of the
fault zone, power lines will tighten when placed in tension; this could damage towers and
sever cables. Conversely, where lines cross the fault zone with a more northerly trend
than the fault has, the distance between towers will be shortened, thus relaxing the cables.
While this may require repair, it is unlikely that lines will be severed in these instances.
Fault rupture will only damage towers where they straddle a rupturing fault strand; we do
not have sufficient information on the locations of towers to estimate the likelihood of
such damage; however, there is a far greater probability of tower damage from shaking
than from fault rupture.
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Figure 3-23. Map showing the 141 locations (dots) where electric power transmission
lines cross fault strands in the ShakeOut Scenario fault rupture. Modeled displacements
range from less than 2 cm to 7.2 m. Details of the crossings are given in Appendix D, Table
6.

Expected Deformation Due to Liquefaction

During liquefaction, formerly solid ground is transformed temporarily to a
softened or liquefied state that can no longer support the built environment. Effects of
liquefaction commonly are observed following moderate to great earthquakes throughout
the world and can produce significant damage (fig. 3-24) over and beyond what might be
expected from ground shaking alone. The occurrence of liquefaction during a specific
earthquake is restricted chiefly to certain geologic and hydrologic settings that experience
relatively high levels of ground shaking. In general, areas susceptible to liquefaction are
underlain by water-saturated, cohesionless granular sediment within less than 50 feet of
the ground surface. These conditions are potentially widespread in parts of the eight-
county area affected 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, Imperial Valley, the southern Coachella Valley,
and coastal areas of San Diego County.
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Four types of ground failure commonly result from liquefaction. These are: 1)
lateral spread, 2) ground oscillation, 3) loss of bearing strength, and 4) flow failure. Flow
failures, or soil flows, are restricted to slopes of greater than 3°, whereas the other failure
types typically occur on level ground or gentle slopes of less than 3°. Descriptions of
these types of liquefaction failures, and examples from past earthquakes, can be found in
Appendix C. Ground deformation due to lateral spreading, and settlements from lateral
spreading, ground oscillation, and loss of bearing strength are all expected to occur
within portions of the eight-county study region as a result of the ShakeOut Scenario
event.

Figure 3-24. Photo of the Moss Landing Marine Laboratory facility, Monterey County, CA,
destroyed as a result of about 1.2m of displacement due to liquefaction-induced lateral
spreading caused by the M6.9 1989 Loma Prieta earthquake. Ground motions at this site
were sufficiently low that the structure would likely have survived the earthquake with
minimal damage had the lateral spreading not occurred. Photograph by John Tinsley, U. S.
Geological Survey.

Regional Assessment of Liquefaction from the ShakeOut Earthquake

Methodology

There are a number of methods in the literature for evaluating liquefaction
potential (for example, Seed and Idriss, 1971; Seed and others, 1983; Roth and
Kavazanjian, 1984). More recently, the California Geological Survey (CGS) drew on
these and other works to designate seismic hazard zones in accordance with the Seismic
Hazards Mapping Act of 1990. These zones show where liquefaction and seismically

60



induced landsliding are more likely to occur, and must be investigated before
construction of structures. CGS also provides guidelines for evaluating and mitigating
these seismic hazards (California Geological Survey, 1997). For each area designated as a
seismic hazard zone, CGS assembles data on the geologic and hydrologic factors that can
lead to liquefaction or seismically induced landsliding. These data have been
incorporated and supplemented to estimate the hazards for the ShakeOut Scenario.
Liquefaction hazard evaluation is an evolving science, and new approaches such as that
devised by Holzer and others (2006) continue to advance the evaluation of liquefaction
susceptibility and potential.

For the ShakeOut Scenario earthquake, we have relied on a generalized geological
analysis for evaluating liquefaction hazard that was originally proposed by Youd and
others (1975) and Youd and Perkins (1978), but which has been updated to include
liquefaction ground failures in clay-bearing sediments (Seed and others, 1983; Tinsley
and others, 1985). Conceptually, this approach requires the development of a liquefaction
susceptibility map, which classifies surficial deposits based on the likelihood that they
would fail via liquefaction, assuming that the susceptible materials are saturated and that
ground motions are sufficient. This map is then “intersected” with maps of the depth to
ground water and the ShakeOut Scenario ground motions to produce a liquefaction
potential map that provides the probability of liquefaction occurrence and estimates of
maximum ground displacement due to lateral spreading and settlement. This method is
fairly well suited for this large regional study, because the required input parameters can
be estimated from regional-scale maps. Other, more recent and sophisticated approaches
generally require that more detailed geotechnical parameters and subsurface conditions
be known. Given the paucity of detailed geotechnical data that are available and compiled
regionwide, more detailed analyses are neither justifiable nor practical. While our
regional approach can provide reasonable estimates of the likelihood of liquefaction
occurrence, developing predictions of specific effects of liquefaction requires detailed,
site-specific geologic and geotechnical data. Such evaluations were performed for this
Scenario within the focus areas centered on the principal lifeline corridors (Chapter 4B),
but not for the region as a whole.

Liquefaction Susceptibility

To construct a comprehensive, regionwide liquefaction susceptibility map, we
digitally compiled published and unpublished geologic maps from 43 separate sources
that represent the most recent and best available digital geologic mapping of the region
(fig. 3-25). In addition, we developed a liquefaction susceptibility map for the Coachella
Valley area based on photo interpretation using ca. 2005 NAIP imagery (1 m pixel
resolution), in order to provide more detail for this critical region. Because digital large-
to medium-scale maps do not cover the entire eight-county study area, we used the
1:250,000 scale materials map from Wills and Clahan (2006) to provide the base data for
the entire region. This map is highly generalized in that the most potentially susceptible
deposits are lumped into only a couple of map units. This map was therefore supplanted
by larger scale and more detailed mapping in the most urbanized areas to provide better
detail where liquefaction would be most likely to affect the built environment. These
maps include 1:100,000-scale (generally compiled from 1:24,000-scale line work)
regional geologic maps published by USGS and CGS as part of the Southern California
Areal Mapping effort, as well as 1:24,000-scale maps compiled principally to support the
State’s Seismic Hazard Mapping Program, as well as other ongoing mapping efforts.
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Figure 3-25. Index map of source digital geologic maps used to define liquefaction and
landslide susceptibilities within the eight-county study area. Medium- and large-scale
maps are used to supplant the base map derived from Wills and Clahan (2006) to provide
greater detail in the urbanized areas (yellow stripes). Maps shown are: 1 - Aguanga 7.5’
quadrangle (Tan and Kennedy, 2003); 2 - Big Bear City 7.5" quadrangle (Miller and
Cossette, 2004); 3 - Boucher Hill 7.5" quadrangle (Kennedy, 2006); 4 - Camarillo 7.5
quadrangle (Tan and others, 2004a); 5 - Cougar Buttes 7.5" quadrangle (Powell and Matti,
2004); 6 - EI Cajon 30’ x 60" quadrangle (Todd and others, 2004); 7 - El Mirage Lake area
(Miller and Bedford, 2000); 8 - Fawnskin 7.5" quadrangle (Miller and Matti, 1998); 9 - Hemet
1.5 quadrangle (Morton and Matti, 2005); 10 - San Bernardino and Santa Ana 30’ x 60
quadrangles (Morton and Miller, 2006); 11 - Oceanside 30’ x 60’ quadrangle (Kennedy and
Tan, 2005b); 12 - Oxnard 7.5" quadrangle (Clahan, 2003); 13 - Point Mugu 7.5" quadrangle
(Tan and Clahan, 2003); 14 - Ramona 7.5" quadrangle (Todd and others, 2006); 15 - Sage 7.5’
quadrangle (Morton and Kennedy, 2005); 16 - San Diego 30" x 60" quadrangle (Kennedy and
Tan, 2005a); 17 - Santa Paula Peak 7.5" quadrangle (Tan and Irvine, 2005b); 18 - Saticoy 7.5’
quadrangle (Tan and others, 2004c); 19 - Long Beach 30" x 60" quadrangle (Saucedo and
others, 2003); 20 - Vail Lake 7.5" quadrangle (Kennedy, 2003); 21 - Los Angeles 30" x 60°
quadrangle (Wills, in prep); 22 - Matilija 7.5" quadrangle (Tan and Jones, 2006); 23 - Ojai
7.5" quadrangle (Tan and Irvine, 2005a); 24 - Pitas Point 7.5" quadrangle (Tan and others,
2003a); 25 - Santa Paula 7.5 quadrangle (Tan and others, 2004b); 26 - Whitaker Peak 7.5’
quadrangle (CGS, 2003g); 27 - Hi Vista 7.5" quadrangle (CGS, 2003a); 28 - Ventura 7.5’
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quadrangle (Tan and others, 2003b); 29 - White Ledge Peak 7.5" quadrangle (Tan and
Clahan, 2004); 30 - Lake Hughes 7.5" quadrangle (CGS, 2003b); 31 - Del Sur 7.5" quadrangle
(CGS, 2005b); 32 - Ritter Ridge 7.5" quadrangle (CGS, 2003e); 33 - Lancaster East 7.5’
quadrangle (CGS, 2005d); 34 - Alpine Buttes 7.5" quadrangle (CGS, 2005a); 35 - Lovejoy
Buttes 7.5" quadrangle (CGS, 2004); 36 - Littlerock 7.5" quadrangle (CGS, 2003c); 37 - Little
Buttes 7.5" quadrangle (CGS, 2005c); 38 - Rosamond 7.5" quadrangle (CGS, 2005f); 39 -
Sleepy Valley 7.5" quadrangle (CGS, 2003f); 40 - Lancaster West 7.5" quadrangle (CGS,
2005e); 41 - Palmdale 7.5" quadrangle (CGS, 2003d); 42 - San Gorgonio Pass Area (Matti, in
prep); 43 — Coachella Valley photointerpretation (from 2005 NAIP Imagery, this study).

Following this compilation, the various geologic map units were assigned to one
of five susceptibility classes, generally following the classification system presented by
Youd and Perkins (1978). Rocks of Tertiary age and older are considered for this analysis
to present no liquefaction hazard and are therefore assigned a susceptibility of “none”.
Younger deposits are classified based on their relative ages and inferred depositional

environments as shown in Table 3-5.

Table 3-5. Liquefaction Susceptibility Classification Scheme for Sedimentary Deposits.

(modified from Youd and Perkins, 1978).

Susceptibility Class (by age of deposit)

Depositional Environment Modern Holocene Pleistocene Pre-Pleistocene
(~<500 years) (~<10ka) (~10 ka — 2 Ma) (>2Ma)
River channel Very High High Low Very Low
Flood Plain High Moderate Low Very Low
Alluvial fan and plain Moderate Low Low Very Low
Marine terraces and plain --—- Low Very Low Very Low
Delta and fan-delta High Moderate Low Very Low
Lacustrine and playa High Moderate Low Very Low
Colluvium High Moderate Low Very Low
Talus Low Low Very Low Very Low
Dunes High Moderate Low Very Low
Loess High High High ?
Glacial till Low Low Very Low Very Low
Tuff Low Low Very Low Very Low
Tephra High High ? ?
Residual soils Low Low Very Low Very Low
Sebka High Moderate Low Very Low
Coastal delta Very High High Low Very Low
Estuarine High Moderate Low Very Low
Hi-wave-energy beach Moderate Low Very Low Very Low
Low-wave energy beach High Moderate Low Very Low
Lagoonal High Moderate Low Very Low
Fore shore High Moderate Low Very Low
Uncompacted Fill Very High --- --- ---
Compacted fill Low --- -

Although the process of classifying geologic map units into corresponding
susceptibility classes appears straightforward, in practice the translation can be
ambiguous, primarily because many geologic map units do not adequately differentiate
among the various depositional environments that are critical to inferring susceptibility,
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nor do many maps provide information on the average grain size of a deposit, which
could, for example, influence the classification of river-channel or beach deposits. Many
geologic maps lump all or many Holocene continental deposits into a single map unit
(typically Qal), which generally includes stream channel, alluvial fan, and floodplain
deposits, each of which have very different liquefaction susceptibilities. In other cases,
such as in the Morton and Miller (2006) map of the San Bernardino and Santa Ana 30° x
60’ quadrangles, the grain size character of facies within an alluvial fan or flood plain
deposit is differentiated and therefore allows for identifying the more susceptible portions
of these deposits. However, even these excellent maps still do not provide information on
facies thickness, which would substantially improve the classification assignments.
Where classification was ambiguous, we tended to classify conservatively. For example,
the generalized Qal unit of Wills and Clahan (2006), which includes Holocene sediment
deposited in multiple environments, was generally placed into the “Moderate” class, even
though the unit overall likely contains significant areas of low-susceptibility alluvial fan
deposits. Likewise, all modern river channel deposits, even if they may contain
substantial cobbles and gravel (and are therefore likely not to liquefy), were assigned to
the “Very High” class. Similarly, most maps do not differentiate between engineered and
uncompacted fill (although engineered fills might be reasonably inferred for dam and
highway construction); in general, deposits identified as artificial fill were assigned to the
“Very High” class. In cases where mapping or independent geomorphic analysis allowed
for differentiating more and less susceptible facies within a deposit of similar age and
depositional environment, we would reflect this in our classifications by assigning the
more susceptible facies to a higher susceptibility class than would normally be justified
for an undifferentiated deposit.

Following classification, any differences that may have been present across map
boundaries were reconciled using expert judgment, in order not to produce any major
map boundary discontinuities. Minor shifts in the location of unit boundaries between
maps were generally not reconciled, however, nor were adjustments typically made
across maps where artificial boundaries occurred because of differences in the detail in
the mapping (such as would occur typically at the boundaries between the Wills and
Clahan (2006) map and maps published at larger scale). The resultant liquefaction
susceptibility map for the eight-county study region is shown in fig. 3-26. Areas of
highest susceptibility occur in the Coachella and Imperial Valleys in Riverside and
Imperial Counties, in the San Bernardino area, locally along the coast, and within and
adjacent to modern drainages.
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Figure 3-26. Map of liquefaction susceptibility showing relative likelihood for liquefaction
failures to occur, given saturated conditions and ground motions sufficient to produce
failure. Bedrock areas (grey) are assumed to pose no liquefaction hazard regardless of
ground water conditions or shaking levels.

Depth to Ground Water

Various contour maps of depth to ground water have been published for portions
of the eight-county study region (for example, Tinsley and others, 1985; various
California Geological Survey Seismic Hazard Zone reports), but these were generally
considered not to be directly applicable for use in this scenario. In addition to the fact that
existing maps do not cover the entire study region, many published maps are quite old
and do not reflect more recent water-use practices, which have caused water levels to rise
in some regions (for example, the Los Angeles Basin) or fall dramatically in others (for
example, the Antelope Valley) within the last decade. Other maps, such as those
produced to support the State’s Seismic Hazard Mapping Program, reflect historic high
water levels, which may not be reflective of water levels that are likely to exist on
November 13, 2008, the proposed date of the ShakeOut Scenario earthquake. For this
study we therefore created a “Fall” water level map, which is constrained primarily by
water level measurements collected within the last ten years during the months of
October through December. Water level measurements were compiled from three
principal sources:

* 1. The USGS National Water Information System (NWIS). Water levels were
compiled from observation wells with screens identified to be located within the
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upper 100 ft, or, if screen depths were not specified, from wells drilled no deeper than
100 ft. Included in this collection are water level measurements collected as part of
the Mohave River project and not yet included in the full NWIS database. These
measurements are presumed to reflect the unconfined water table, although some may
be from confined aquifer systems.

* 2. The California State Water Resources Control Board Leaking Underground Fuel
Tank program, which provides water level data from shallow observation wells online
at: http://www.geotracker.swrcb.ca.gov/.

* 3. Water level measurements compiled from shallow geotechnical borings and other
sources by CGS in support of the Seismic Hazards Mapping Program (written
communication, C. Real, 2007).

The result of this compilation effort yielded nearly 500,000 individual water level
measurements for the eight-county study region. These results were then culled to
eliminate measurements taken during unusual conditions (for example, while a nearby
well was pumping), and the measurements were then combined at each location to derive
minimum, maximum, and average water levels for individual well sites. These
measurements were then grouped into three measurement periods for use in developing
the ground water contours. The three datasets include (a) water levels measured during
the months of October, November and December between 1997 and 2007, (b) water
levels measured during the months of August, September, January and February between
1997 and 2007, and (c) water levels measured during the months of October, November
and December prior to 1997. The resultant compiled dataset provides data at over 37,000
localities (fig. 3-27). In general, abundant data exist within the urbanized coastal basins,
but are generally lacking within the rural desert areas.
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Figure 3-27. Locations of water level measurements used to construct the depth-to-
ground-water map used in this study, distinguished by measurement period. More than
37,000 measurement localities were used to constrain ground water contours. In general,
water level measurements are lacking in the rural areas.

Using these data, ground water contours were constructed by hand within basin
deposits (for example, regions where the liquefaction susceptibility map indicated a
potential for liquefaction to occur) using as constraints the minimum water levels
recorded at each site. In constructing the contours, priority was given to measurements
taken in the fall (October—December) within the last 10 years. Where these data are
lacking, measurements taken in the late summer and early winter months were added to
the analyses, and if these data too were lacking for a region, water level measurements
taken in the fall prior to 1997 were used. No water levels were inferred for bedrock areas
where there is no liquefaction hazard. In general, most water level measurements are
located in regions where liquefaction susceptibilities are moderate or higher. The paucity
of water level measurement in regions of low or very low susceptibilities (generally
Pleistocene or older deposits) in part reflect the fact that these deposits have typically
undergone erosion, uplift, and diagenetic changes and generally do not contain shallow
ground water. Unless data existed to indicate that shallow water levels (< 50 ft depth)
were present in low-susceptibility deposits (which was the case locally within the coastal
basins), these regions were assigned a default depth to ground water of 51 ft. Also,
narrow drainages within mountainous regions that contain young stream channel and
floodplain deposits, but where water measurements were absent, are assigned default
depths to ground water of 14 ft, or depths equivalent to water levels measured in nearby
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drainages. The resultant contours and water level assignments were then checked against
published water level maps, where applicable, to ensure that the contours were generally
consistent in form with earlier compilations. The resultant map (fig. 3-28) provides depth
to ground water estimates for the region at 4-ft intervals for the uppermost 24 ft below
ground surface, and at 10-ft intervals between 30 and 50 ft. Although there are
considerable uncertainties, in large part due to the sporadic distribution of available data,
these levels may be considered a reasonable, albeit somewhat conservative, estimate of
depth to ground water that would be present at the time of the ShakeOut Scenario event.
The map (fig. 3-28) shows that relatively shallow ground water is prevalent in the
vicinity of the Salton Sea, along the coast, and in parts of the coastal basins of Orange
County, southern Los Angeles County, and the Oxnard Plain in Ventura County.
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Figure 3-28. Map of depth below ground surface to the water table estimated for the fall
season, utilizing water level measurements shown in fig. 3-27 as constraints. Uncolored
areas are regions where the water table is at depths greater than 50 ft, or in bedrock
areas where there is no susceptibility to liquefaction.

Input Ground Motions

The final requirement for estimating liquefaction probabilities for the ShakeOut
Scenario event is an estimate of peak ground accelerations (PGA) across the study area.
Geometric mean PGA’s, spaced at 2-km intervals, were computed from N-S and E-W
components derived from the broadband ground motion simulation (Graves and others,
2008), using the ShakeOut v. 1.2 kinematic rupture model. This model, however, does
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not cover the entire eight-county study region, so ground motions for the remaining area
were derived using OpenSHA software, the ShakeOut Scenario earthquake parameters,
and the next-generation attenuation (NGA) model of Campbell and Bozorgnia (2008).
The two models were resolved onto equivalent grids with 0.02 degree cell spacing, and
then stitched together to produce a single ground motion grid (fig. 3-29). A similar
process was utilized to derive the grids for peak ground velocity (PGV), and 0.3-second
and 1.0-second spectral accelerations that are used in the HAZUS loss model described
elsewhere in this report.
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Figure 3-29. Map of geometric mean peak ground acceleration (PGA) computed for the
ShakeOut Scenario event, derived as described in the text.

Regional Liquefaction Probabilities and Peak Ground Deformation

We use the procedure described in the HAZUS MR3 Technical Manual (FEMA,
2003, Chapter 4) to estimate regional liquefaction probabilities and peak ground
deformation from the susceptibility, ground water, and PGA inputs described previously.
The method for computing liquefaction probabilities derives from the procedures
presented by Seed and Idriss (1982), Seed and others (1985), and the National Research
Council (1985) that define relationships between PGA and liquefaction probability based
on empirical observations and include statistical modeling of the empirical catalog by
Liao and others (1988). Spatial probabilities are computed using the default HAZUS map
unit proportions assigned to the various susceptibility classes, but we defined a cutoff and
assigned a liquefaction probability of O to all areas where depths to ground water
exceeded 50 ft (40 ft in low susceptibility regions). The HAZUS methodology can

69



theoretically derive liquefaction probabilities > 0 where saturation depths are much
greater than 50 ft, given sufficiently high ground motions, but in practical terms, if deep
liquefaction does in fact occur, there is little evidence of it producing significant surface
displacements (California Geological Survey, 1997).

The method HAZUS uses for estimating peak ground deformation due to lateral
spreading for each location with liquefaction probability >0 was developed by combining
the Liquefaction Severity Index (LSI) relationship presented by Youd and Perkins (1987)
with the ground motion attenuation relationship developed by Sadigh, et. al. (1986) as
tabulated in Joyner and Boore (1988). Computed settlement displacements, on the other
hand, are assigned to various liquefaction susceptibility classes independent of ground
shaking, following a relationship presented by Tokimatsu and Seed (1987) that indicates
strong correlation between settlement due to volumetric strain and soil relative density,
which is associated with susceptibility. Maps showing estimated liquefaction probability
and expected peak ground displacements due to settlement and lateral spreading are
presented in fig. 3-30 and fig. 3-31.
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Figure 3-30. Map showing the probability of liquefaction occurrence from the Scenario
earthquake, using the computational methods described in the HAZUS MR3 Technical
Manual (FEMA, 2003). Highest probability of liquefaction (red) occurs in the southern
Coachella Valley, along the Santa Ana River corridor west of San Bernardino, and locally
along active stream channels in regions of relatively high ground motion.
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Figure 3-31. Maps showing estimated peak ground deformation resulting from
liqguefaction: A) peak ground deformation due to lateral spreading. B) peak ground
deformation due to settlement. The southern Coachella Valley (north of the Salton Sea) is
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clearly the region where largest liquefaction-related displacements will occur during the
ShakeOut earthquake.

The results of this analysis show that in the ShakeOut Scenario earthquake, the
southern Coachella Valley north of the Salton Sea is the region with the highest
likelihood of experiencing liquefaction-related failures with large displacements. Other
regions with relatively high-likelihood for liquefaction failure include the Santa Ana
River corridor between Prado Dam and Colton, along other active river and stream
channels within the Transverse Ranges, and extending along parts of the Santa Clara
River in Ventura County.

As a “reality check” on these predictions, a qualitative evaluation of the
liquefaction probabilities computed in this fashion, compared against mapped failures
from the 1994 Northridge earthquake, was performed using Northridge ShakeMap
ground motions and the identical susceptibility and water level maps used for the
ShakeOut Scenario. Results of this comparison showed excellent agreement between
predicted regions of high liquefaction probability and the mapped occurrences of
liquefaction and soft-clay failures reported from the Northridge earthquake, although the
spatial extent of observed failures fell considerably short of that predicted in the Scenario.
This is probably a result of several factors: (1) The reported failures may not represent
the full inventory of failures produced by the Northridge earthquake because small areas
of failure and very small displacements would likely be missed by investigators or
otherwise not interpreted to be due to liquefaction. (2) As discussed previously, the
susceptibility classes we assigned to geologic map units were intentionally conservative.
3) The default probability factors we used to quantify the proportion of a geologic map
unit deemed susceptible to liquefaction within a particular susceptibility class may be too
high. The provenance and tectonic setting that dominates much of the southern California
region is such that deposits would possibly be less susceptible to liquefaction than
equivalent types of sediment deposited elsewhere in less tectonically active regions. We
therefore suggest that the spatial liquefaction probabilities presented for the ShakeOut
Scenario may be high by a factor of 2 or more, and that areas with liquefaction
probabilities of 5% or less would very likely not experience significant liquefaction
failure from the Scenario event.

Expected Deformation Due to Landsliding

Earthquakes greater than M4 commonly trigger landslides in susceptible
materials. Earthquake ground motions produce landslides on hill slopes when the inertial
forces produced by shaking overcome the static forces that hold a mass of earth material
in place on the hillside. Aside from the steepness of the slope and the intensity of ground
shaking, a primary control on landslide occurrence is the strength of the earth material,
which can be reduced by the presence of ground water. Earth material strength is
dependent on the type of rock or soil, the degree of cementing, weathering, and
fracturing, whether the material has been weakened by previous landsliding, and the
orientation of any bedding surfaces.

The number of landslides triggered and the geographic area affected by landslides
generally scale with earthquake magnitude. Keefer (1984) has observed that earthquakes
of comparable magnitude to the ShakeOut Scenario event have produced between 10,000
and 100,000 individual landslides and that seismically induced landslides can be grouped
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into three major categories: Category 1—disrupted slides and falls (80% relative
abundance, fig. 3-32), Category 2—coherent slides (12% relative abundance); and
Category 3—lateral spreads and flows (8% of total abundance). Additional information
on the characteristics of expected ShakeOut Scenario landslides and examples from past
earthquakes are given in Appendix C. Overall, we anticipate that the numbers and types
of landslide features that will be produced by the Scenario earthquake will fall within the
parameters described by Keefer (1984). That is, the ShakeOut Scenario event will likely
produce between 10,000 and 100,000 landslides, and the vast majority of them will be
Category 1 slides.

Figure 3-32. Photo of a Category 1 rock fall along the Scotia Bluffs adjacent to the Eel
River near Fortuna, California. The triggering earthquake was the Fortuna, California, 7
June 1975, M, 5.2 event. Note the disaggregated nature of the failed material, the steep
slope, and the orange tractor (at red arrow) for scale. (Photograph by David Keefer, USGS,
1975.)

Regional Assessment of Landsliding from the ShakeOut Earthquake

Methodology

The amount of ground shaking needed to initiate downslope movement of a slide
mass (called the critical acceleration) is dependent upon the strength of the surficial
geologic materials (which includes the occurrence and orientation of joints and fractures),
the steepness of the slope, the ground water conditions, and the type of landslide
generated. Critical inputs into a regional landslide hazard analysis, therefore, are a
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reliable landslide susceptibility map that classifies the relative strength of a given
geologic unit, and a slope map. Using these data, relationships can be applied, like those
of Wilson and Keefer (1985), to estimate, for any given susceptibility class and slope
angle, the critical acceleration necessary to trigger failure. This information can then be
compared against an earthquake’s expected ground motion at a site to determine whether
failure is likely. This is a generalized approach that provides estimates of the relative
likelihood of landslide occurrence at a regional scale, but does not predict specific
landslide behavior. More rigorous approaches require site-specific evaluations that are
not practical to perform at the regional level; however, such analyses have been
performed locally within the focus areas surrounding the major lifeline corridors so that
impacts to lifelines from landsliding within these critical localities can be better evaluated
(see Chapter 4B).

Landslide Susceptibility

For the regional analyses, we have chosen to categorize the mapped geologic
units into landslide susceptibility classes according to the approach presented by Wilson
and Keefer (1985). In this approach, 10 landslide susceptibility classes are defined based
on various combinations of three geologic groupings and slope. The geologic group
classifications are derived from the same base geologic mapping that was compiled to
produce the liquefaction susceptibility map (fig. 3-25), plus an additional landslide
inventory map (CGS, unpublished) that provides more comprehensive data on landslides
for parts of eastern Ventura County and western Los Angeles County. Geologic map
units were classified into one of three groups as follows:

* Group A: Strongly Cemented Rocks (crystalline rocks and well-cemented
sandstones);

* Group B: Weakly Cemented Rocks and Soils (sandy soils and poorly cemented
sandstone);

* Group C: Argillaceous Rocks (shales, clayey soil, existing landslides, poorly
compacted fills).

We encountered many of the same issues and ambiguities when assigning
landslide susceptibility classifications to the geologic map units as we did when assigning
liquefaction susceptibility classes. As with the liquefaction effort, where such ambiguities
existed, we chose to err by being conservative and generally assigned units of mixed
lithologies to the more susceptible geologic group included within that unit.

Slope information used for the analysis came from a slope angle map that was
constructed for this study by the USGS EROS Data Center, using existing 10-m
horizontal-resolution digital elevation models and processing techniques developed for
the Elevation Derivatives for National Applications (EDNA) database. We then grouped
the elevation grid into eight slope classifications (fig. 3-33). Slope data were then
intersected with the geologic groupings to generate the Wilson and Keefer (1985)
susceptibility units shown in Table 3-6.
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Figure 3-33. Map showing slope angles for the eight-county ShakeOut study area, derived
from USGS 10 m-resolution digital elevation models and processed according to EDNA
standards. Colors show slope angle in degrees classified into the 8 slope categories used
for computing landslide susceptibility classes.

Table 3-6. Landslide Susceptibility of Geologic Groups According to Slope and Ground

Water Conditions.
(modified from Wilson and Keefer (1984) and Keefer, personal communication, 2007).

Slope Angle (degrees)

Geologic Group Dry Conditions (ground water below level of sliding)
0-5 510 | 1015 | 15-20 | 20-30 | 30-40 >40
Group A None None | None |1 II v VI
Group B None None | III v \Y VI VII
Group C None \ v VII 1X IX IX

Slope Angle (degrees)
Wet Conditions (ground water at ground surface)

0-3 310 | 1015 1520 | 20-30 | 30-40 >40
Group A None None | III VI VII VIII VIII
Group B None \' VIII X X X X
Group C None VII IX X X X X

From Table 3-6, it is apparent that the landslide susceptibility classification is
highly dependent on local ground water conditions. For the purposes of the ShakeOut
Scenario, we chose the Dry Conditions classification given that the ShakeOut event
occurs in November, at the end of the summer and fall dry season.

The resultant landslide susceptibility map (fig. 3-34) reveals that the highest
landslide susceptibilities exist within the Transverse Ranges of Ventura County and
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westernmost Los Angeles County, with smaller areas of high susceptibility in the eastern
San Gabriel Mountains, Puente Hills, and northern Santa Monica Mountains; smaller
pockets of high susceptibility areas also occur elsewhere around the region.

LANDSLIDE SUSCEPTIBILITY o |
(DRY COMNDITIONS) *éﬁ";"..
Susceptibility Class E_‘\"\_ 5% : ."“"il{
—H b WL
- - ..._r--o"l
=] —
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Figure 3-34. Landslide susceptibility map, derived using the procedure defined by Wilson
and Keefer (1985), for the eight-county southern California region. Highest landslide
susceptibilities exist within the Transverse Ranges of Ventura County and westernmost
Los Angeles County, with smaller areas of high susceptibility in the eastern San Gabriel
Mountains, Puente Hills, and northern Santa Monica Mountains.

Regional Landslide Probabilities and Peak Ground Deformation

As with liquefaction, we use the procedure described in the HAZUS MR3
Technical Manual (FEMA, 2003, Chapter 4) to estimate the probability of landslide
occurrence and peak ground deformation for the Scenario event (figs. 3-35 and 3-36).
This approach uses the static landslide susceptibility map (fig. 3-34) and PGA inputs
described previously (fig. 3-29), along with relationships defined by Wilson and Keefer
(1985), to relate the critical acceleration needed for failure to susceptibility class and
slope angle. Because the derived critical accelerations generally apply only to the most
susceptible portions of a geologic group, correction factors suggested from mapping by
Wieczorek and others (1985) are applied to derive the proportion of a susceptibility unit
that is likely to fail when the critical acceleration has been exceeded at a site. Maximum
slope displacements are computed using the results of Makdisi and Seed (1978), who
showed that displacement increases as the ratio of the induced peak ground acceleration
within a slide mass to the critical acceleration increases; because of the nature of the
analysis, estimated displacements are really only applicable to coherent slides (soil
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slumps or block glides), as opposed to rock slides or falls that break apart once movement
is initiated.

SCENARIO SEISMICALLY-INDUCED LANDSLIDES
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Figure 3-35. Map showing probability of landslide occurrence for the ShakeOut Scenario
earthquake. Largest regions of high landslide probability are inferred for the easternmost
San Gabriel Mountains, the western San Gabriel Mountains near the Interstate-5 corridor,
and on steep slopes adjacent to the Santa Clara River in Ventura County.
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Figure 3-36. Map of estimated peak ground displacements inferred for landslides
produced by the ShakeOut Scenario earthquake. Highest displacements are constrained
to locations close to the San Andreas Fault rupture zone, especially in the vicinity of Cajon
Pass.

Our regional analysis of landslide probability from the Scenario event suggests
that the region of most concern with respect to landslide impacts is in the easternmost
San Gabriel Mountains near Cajon Pass, where both estimated failure probabilities and
peak displacements are high. Several other areas close to the fault rupture zone have
similarly high hazard potential. As with the liquefaction results, we compared the
resultant probability maps against more detailed local-scale predictions of landslide
occurrence that were performed within the lifeline corridor focus areas (see Chapter 4B
and Appendix E-G, and also compared a similar model constructed to compare against
reported landslides from the Northridge earthquake. Again, qualitative agreement was
generally quite good between the regional predictions and reported occurrences of
landslides (for the Northridge comparison), and to predicted landslide occurrence in the
lifeline focus areas. As with the liquefaction results, the regional analysis appears to over-
predict the spatial probability of landslides when compared against reported observations
from Northridge by perhaps a factor of 2 or more, with the overestimate even greater in
low probability (<10%) zones. Estimated landslide displacements computed for the
regional analysis also were consistently higher by a factor of 2 as compared to
displacements derived for landslides evaluated in the focus areas.

One area of disagreement between the regional analysis and those performed in
the focus areas—although consistent with the tendency for the regional analysis to over-
predict failure—is in the Interstate 5/Pyramid Lake area, where local-scale evaluations of
several large coherent landslides indicate that ShakeOut Scenario ground motions at
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those sites were too low to trigger failure. In contrast, many nearby slopes in the vicinity
were identified in the regional analysis as having a high probability for landslide failure,
albeit predicted displacements are quite small (a few inches or less). We interpret this to
suggest that while the large landslide masses near Interstate 5 will not fail in the Scenario,
there is a possibility for Category 1 failures (for example, rock and soil falls) to occur in
this region, and the ShakeOut Scenario posits rockfalls that close Interstate 5 for one day.

Evaluating Loss Estimates from Permanent Ground Deformation

A goal of the overall ShakeOut Scenario effort is to provide as reasoned and
detailed a description of a large earthquake on the southern San Andreas Fault as
possible, not only to aid emergency planners, but to provide the best inputs for estimating
the direct and indirect economic losses that would result from an event of this magnitude.
The detailed fault displacement estimates provided here, and the ground failure
probability maps we have developed ultimately contribute to estimates of direct losses
from the earthquake. The HAZUS earthquake model is being used for the ShakeOut
Scenario to estimate losses from ground shaking for most building stock, and the ground
failure maps have been constructed to feed into the HAZUS application. However, use of
HAZUS for estimating building loss due to ground failure has not been thoroughly tested,
primarily because ground failure susceptibility or probability maps are rarely available
for input into the HAZUS loss model. We have found that translating the probability
maps into losses using the HAZUS application has yielded some unexpected results,
which we discuss below.

Because the southern San Andreas Fault trace is in a rural setting, and also
because of legislation that controls development in the fault zone, we do not anticipate
any significant loss to structures directly as a result of fault offset. We do, however,
anticipate significant impact to lifeline function as a result of surface faulting; those
losses are handled outside of the HAZUS loss model and are discussed elsewhere in this
report. Below we discuss HAZUS results for ground failure due to liquefaction and
landsliding.

Methodology

With regard to losses due to ground failure, we have shown that liquefaction and
landslide effects are generally localized and dependent on specific geologic conditions.
One of the challenges in working with the HAZUS earthquake model is that it computes
regional building damage at the census-tract level and expects input values that are
relevant to the tract as a whole. The default manner in which HAZUS obtains this
information for a tract is to select the information from input maps at the location of the
tract’s centroid. In regions where census tracts are small in area, such as in urbanized
regions, and where the geology, slope, ground water, and ground motions do not vary
substantially, this approach works well. However, census tracts are fairly large close to
the southern San Andreas Fault, and in these regions both the geology and ground
motions from the ShakeOut Scenario vary over short distances; furthermore, building
exposure is typically not evenly distributed within a tract, especially in the more rural
parts of southern California. Therefore, if HAZUS is allowed to select input hazard
probabilities at tract centroids from existing detailed probability maps, the values
obtained may not be representative of the tract as a whole. Where ground failure effects
are highly localized, tracts with significant ground failure may be missed or a large
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hazard value may be selected that is only representative of a small portion of the tract. To
provide HAZUS with ground failure probabilities and ground displacements that should
be more representative of average conditions for the tract, we have devised an exposure-
weighting approach for computing tract level ground failure parameters as follows:

* 1. The replacement value for all building occupancy classes and contents within a
census block are added together and divided by the sum total of building and content
value for the entire tract, to produce an “exposure weighting” for each block.

» 2. For each census block, ground failure probabilities and peak displacements are
computed as an area-weighted average within the block, to account for cases where a
single census block may contain more than one value of ground failure hazard. In the
case of peak displacements (PGD), the area-weighted average only includes portions
of the block that contain non-zero displacements.

* 3. The area-weighted values for each block are then multiplied by the block’s
exposure weighting, and then these values are summed across all of the blocks within
the census tract to obtain the final result for the tract.

The exposure-weighting approach is also being used in this study to derive tract-level

ground motion parameters for use by HAZUS to estimate losses due to shaking.

The resultant ground failure maps for input to HAZUS are therefore census tract
maps, with the exposure-weighted probabilities and displacements assigned to each tract
(figs. 3-37 and 3-38). To compare the two approaches: With exposure weighting, 1,406
tracts (out of 4,147 total) are exposed to liquefaction hazard, with an average probability
of 0.015; total inventory exposed to liquefaction amounts to approximately $11.9 billion.
Using the default HAZUS centroid approach, only 504 tracts are exposed to liquefaction,
but with an average probability of 0.04, and a total exposed value of just under $8 billion.
Therefore, using exposure weighting, 50% more inventory is exposed to liquefaction
hazard—a result of the fact that exposure weighting picks up localized hazard zones that
would otherwise be missed with the centroid selection approach.
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Figure 3-37. Census tract map showing liquefaction probabilities assigned to each tract
using the exposure-weighting approach described in the text. For liquefaction, this
method exposes 902 more tracts and ~50% more inventory to liquefaction hazard than
HAZUS' default centroid selection method to obtain ground failure data from input hazard
maps.
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Figure 3-38. Census tract map showing landslide probabilities assigned to each tract
using the exposure-weighting approach described in the text.

Inferred Losses due to Ground Failure

HAZUS assumes that any ground failure impact to a structure causes either
extensive or complete damage and therefore acts to alter the damage state distribution
within a tract relative to what results from shaking alone. The amount of inventory
exposed to ground failure is simply the product of the total inventory times the failure
probability, and the likelihood for this exposed inventory to move into an extensive or
complete damage state is controlled by a fragility function (FEMA, 2003, p. 5-63) that
relates displacement to the probability of reaching an extensive or complete damage state.

Adding liquefaction and landslide hazard into the HAZUS analysis for the
ShakeOut Scenario results in an increase in total direct economic losses of 26.8% over
the losses obtained from shaking alone. This increase is apparently dominated by damage
due to liquefaction; landslide damages alone result in only a 3.6% increase in losses over
shaking. The minimal impact of landsliding relative to liquefaction appears due to the
fact that most damaging landslides are confined to mountainous regions that contain few
buildings.

We believe however, that the computed losses due to ground failure (amounting
to ~$13B over shaking alone) are unreasonably conservative. Factors that could
contribute to this apparently errant estimate are:

* 1. As discussed previously, comparison of failure probabilities to actual failures (in
the case of the Northridge earthquake) suggests that our probability maps may be
overestimating the extent of failures by a factor of 2. Although this would certainly
have some impact on the overall losses, whether this issue is a major contributor is
unclear, since damage is mostly controlled by peak displacement, not just the
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likelihood of failure. Based on limited comparison, it appears that our displacement
estimates, especially for liquefaction, are in agreement with other approaches.

e 2. The HAZUS loss methodology presumes that all inventory exposed to ground
failure is subject to the maximum estimated displacement. In our view, this is an
overly conservative assumption. Unless failure occurs as a soil flow or disrupted
slide, structures sited on coherent failures are not likely to experience differential
displacements equal to the maximum predicted unless they straddle a block boundary.
In other words, for many structures subject to ground failure, the damage they incur
will likely be less than the HAZUS model predicts because the earth beneath these
structures essentially moves as a single mass, thus producing significantly less
differential displacement beneath the structure than the maximum predicted.

* 3. The exposure-weighting method we use to derive tract-level probabilities may be
contributing to this overestimate in the losses by picking up small hazard zones that
are not likely to impact the built environment, but do get factored into the tract losses.
Many zones of high liquefaction or landslide potential occur in limited areas within
modern river channels or associated with steep slopes. Most of these areas are not
developed, and therefore failures at these locations will likely have little impact on
the built environment. The exposure-weighting approach used here to compute tract-
level failure probabilities would likely pick up these zones (if there is exposure
elsewhere in the census block), whereas the default HAZUS centroid selection
method might not.

* 4. We examined the distribution of damage states for a few selected tracts relative to
the damage state distribution for the same tracts exposed to shaking only, and it
appears that nearly all affected inventory is completely destroyed once subjected to
ground failure, independent of the inferred PGD. Whether this is an intended effect of
HAZUS’ loss estimator is unclear; this aspect of the HAZUS loss estimation
approach is currently under review by the HAZUS developers. Clearly, however, this
effect can easily lead to overly conservative loss estimates.

Until these issues are examined in closer detail and resolved, we do not believe
that we can reliably report HAZUS-derived economic losses due to ground failures for
the ShakeOut Scenario. However, we can use the loss estimates to help identify, in a
relative sense, where the largest ground failure impacts are likely to occur. A map of
relative liquefaction losses by census tract (fig. 3-39) shows that the Coachella Valley
region near the town of Indio will likely be hard-hit as a result of liquefaction-related
ground failure; both expected failure probabilities and displacements are inferred to be
high in this region. Much of this area is agricultural (fig. 3-40), but a small part of Indio
may be affected. Beyond structure loss in this region, liquefaction related lateral-spreads
and settlement would likely severely impact field drains and irrigation systems.

A small area near Vernon in the Los Angeles Basin is also inferred to suffer
significant liquefaction losses, but this is probably due more to high exposure value in
this tract rather than a significant liquefaction risk. Our model computes only a 2%
probability for liquefaction occurrence, and inferred displacements are small. Given that
our probability estimates may be high, we question the notion that this area will suffer
significant liquefaction losses.
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Relative Losses Due te Liguefaction

Figure 3-39. Map showing relative losses due to liquefaction (by census tract). Significant
losses from liquefaction may occur in the Coachella Valley area near Indio, where both
inferred probabilities and inferred displacements are high. A census tract near Vernon in
the northern Los Angeles Basin also indicates high losses from liquefaction. However, the
probability for liquefaction occurrence there is only 2% and displacements are small.
Given that our computed probabilities may be overestimates, we feel there is
considerable uncertainty as to whether Vernon would indeed suffer significant economic
loss due to liquefaction from the ShakeOut event.
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Figure 3-40. Region of high liquefaction potential overlain onto ca. 2005 NAIP imagery of
the Coachella Valley area near Indio. Most of the region within the zone of high
liquefaction potential is agricultural, and lateral spreads and settlement could cause
extensive damage to field drains and irrigation systems. Black line is the San Andreas
Fault rupture, with inferred surface slip (in meters) in yellow.

Significant economic losses to structures due to landslides appear most likely to
occur in the eastern San Gabriel Mountains between Wrightwood and Cajon Pass, in the
Chino Hills, and in the San Jose Hills near San Dimas (fig. 3-41). Near Wrightwood,
existing landslides are mapped near the San Andreas Fault (fig. 3-42) that may likely
reactivate under strong shaking with some potential impact to buildings, although the
largest concern is likely within the Cajon Pass lifeline corridor itself. Both landslide
probabilities and predicted displacement for the Chino Hills and San Jose Hills areas are
small, so the potential for significant economic loss due to landslides in these areas are
somewhat uncertain, although both areas are urbanized and underlain by susceptible
geology.

In conclusion, while ground failure is likely to occur over a broad area of southern
California, significant economic losses due to ground failure damaging buildings are
predicted in only a few areas. The most significant of these is in the Coachella Valley
between the Salton Sea and Indio. Significant damage to drains and irrigation systems in
this area from liquefaction lateral spreading and settlement appears likely given the
prevalence of susceptible material in this region; liquefaction damage to structures near
Indio may occur as well.
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RELATIVE LANDSLIDE LOSSES BY CENSUS TRACT
Relative Losses Due to Lands|ides

Figure 3-41. Map showing relative landslide losses (by census tract). Significant losses
from slope failure are inferred near Wrightwood in the eastern San Gabriel Mountains
(yellow), in the Chino Hills (red, near the Orange County border) and in the San Jose Hills
near San Dimas. Inferred displacements at the latter two locations are small.
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Figure 3-42. Map of the eastern San Gabriel Mountains between Wrightwood and Cajon
Pass, where significant losses due to ground failure from the Scenario earthquake are
inferred; geology is generalized from Morton and Miller (2006). Numerous landslides
(yellow) exist just south of the San Andreas Fault (black line) and may reactivate during
the Scenario earthquake causing damage to nearby structures. Analysis of hazards within
the lifeline corridor at Cajon Pass is detailed in Chapter 4B and Appendix E.

D. Aftershocks by Karen Felzer

Large aftershocks pose significant hazards for years after a large mainshock.
Aftershocks are earthquakes and can cause shaking and damage just like any other
earthquake. Moreover, 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 one in this scenario, damaging aftershocks can occur for decades in a broad region,
and any given area may experience more severe shaking from a close aftershock than
from the original mainshock.

Why aftershocks occur is not fully understood, and there is no scientific
consensus on the physics that underlies aftershock triggering. Nonetheless, 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. Such simulations are particularly realistic if every generated
aftershock is allowed to generate its own aftershocks, a technique generally known as the
ETAS (Epidemic Type Aftershock Sequences, Ogata, 1998) model. Felzer (2008) uses
one variation of the ETAS model to generate ten random realizations of aftershocks for
the first week following our Scenario’s mainshock. In reality, although aftershock rate
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diminishes with time, the distribution of aftershock magnitudes does not change (Lomnitz
1966), so a large, damaging aftershock may occur months or years after the initial event.
Felzer simulates one week because that is the extent of the ShakeOut for response
planning and because this will be the most intense period of aftershock activity. The
long-term aftershock risk, however, should not be overlooked.

Felzer (in press) first initializes the mainshock rupture planes, and then simulates
a set of primary, or direct, aftershocks produced by the mainshock, with smallest size
M?2.5, over a duration of seven days. A set of aftershocks of these aftershocks is then
generated, and sets of aftershocks of those aftershocks, and so on, until no new
earthquakes are produced within the 7-day time period. Throughout the simulation, the
smallest magnitude earthquake that is allowed to trigger its own aftershocks is M2.5.
Earthquakes smaller than this certainly exist in the real system and produce their own
aftershocks, but calculation time increases exponentially as the minimum simulation
magnitude decreases. At M2.5 we find a minimum magnitude small enough to make the
simulations realistic while keeping the calculations tractable.

We use an application of the ETAS model based on Felzer and others (2002),
with the addition of spatial components. As explained in Felzer and others (2002) the
simulation starts with statistical distributions—cumulative probability density functions
that describe the rate of aftershocks at different times and locations. These are then
translated into discrete aftershock times, locations, and magnitudes for each simulated
catalog by use of the inverse Poissonan function and a random number generator. See
Felzer (in press) for additional details.

Table 3-7 summarizes parameters of damaging aftershocks from all ten
simulations (fig 3-43). Like real aftershock sequences of earthquakes, these sequences are
quite varied. Any of these could be reasonably expected to follow this M7.8 mainshock.
See Felzer (in press) for additional simulation parameters. For the purposes of the
ShakeOut exercises in November, 2008, one of the simulated aftershock sequences,
number 10, was chosen to be used during the drill. It is one of the most damaging
simulations with a magnitude 7.2 that begins near the San Andreas Fault at Cajon Pass,
but causes rupture on the Cucamonga Fault. The total rupture area of this event extends
about 50 km from Lytle Creek west to near Monrovia. This event would cause substantial
further damage throughout the San Gabriel Valley, perhaps increasing the financial losses
and deaths by 20-30%.
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Figure 3-43. This map shows the likely spatial distribution of aftershocks to the ShakeOut
Scenario. The colors represent the number of M>2.5 aftershocks that occur in the first
week after the ShakeOut mainshock in 25 x 25 km squares, averaged over all 10
simulations with hot colors indicating the most aftershocks. The numbers are given by a
logarithmic scale so that the full range of aftershock rates can be seen without saturating
the color scale. Bright spot of activity at great distances from the fault are places where a
large aftershock occurred in a single simulation and produced its own aftershocks.

&9



Table 3-7. Parameters and narrative descriptions of simulated, damaging aftershocks.

[Day 1 is the day of the mainshock. Any earthquake of M > 5.5 is capable of causing damage. Earthquakes
smaller than M 5.5 may damage already-weakened structures. ]

After- Number
shock Largest Day of of Areas and
Simulation | Aftershock | largest | events communities most
Number (M) event | M>55 affected Notes about largest aftershock
Occurs far to the north—east of
Sacramento Sacramento. It impedes recovery
1 6.95 4 20 i efforts conducted from the State
Modesto, Mariposa . .
capital and endangers the levies,
creating a serious new problem.
. This rupture occurs in the mountains,
San Bernardino, . .
2 6.87 1 9 Crestline. Rialto just fourteen minutes after the
' Fontana ’ ’ mainshock, and may worsen
landslides.
Nearly three days after the mainshock,
3 7.09 3 14 Palmdale, Lancaster | occurs right at the edge of Palmdale
and Lancaster.
Epicenter is about 30 km from
Lancaster. Also, a M5.57 aftershock
4 6.39 1 9 Lancaster occurs in the mountains above Palm
Springs and may prove more
damaging.
A number of moderate-size
aftershocks, close to communities,
pose additional threats to Palm Desert
5 6.75 1 21 Wrightwood Country, Palm Desert, Rancho
Mirage, Palm Springs, Desert Hot
Springs, Mentone, Highland,
Lancaster, and Palmdale.
Largest aftershock has an epicenter 10
6 673 1 10 San Bernardino, km from Yucaipa. Of additional
' Yucaipa concern is a M5.52 outside of
Mentone, near the Seven Oaks Dam.
. An aftershock almost as large as the
Palm Springs, Palm .
Desert. Rancho malpshock ruptures from Palm
Mira e’ Coachella Springs south, running close to many
1 7.71 4 30 £¢, ’ communities. Significant effects may
Thermal, Mecca,
1 . be expected throughout southern
mperial Valley, . . . . .
California, particularly in Imperial and
Brawley, El Centro . .
San Diego Counties.
. Epicenter is directly under Lancaster,
8 6.48 1 13 Little Rock, near the intersection of Avenue L and
Lancaster, Hwy 14 20th
Widespread damage would result
from this rupture that passes Palmdale
9 798 2 24 Little Rock, and Lancaster, and is less than 50 km

Palmdale, Lancaster
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After- Number

shock Largest Day of of Areas and
Simulation | Aftershock | largest | events communities most
Number (M) event | M=>55 affected Notes about largest aftershock
Redlands, foothill Two M > 7 aftershocks, with serious
communities from consequences. One ruptures west
the Inland Empire to | through the Inland Empire. The other
10 7.22 1 23 the San Gabriel ruptures south toward Niland.

Valley, Imperial and
eastern San Diego
Counties

E. Tsunamis by Homa Lee and Eric Geist

The ShakeOut Scenario earthquake has the potential to produce submarine
landslides along the basin slopes of the southern California continental borderland.
Recent experience has shown that large, rapidly moving submarine landslides can induce
significant localized tsunamis that can strike the coastline, causing damage to property
and loss of life (Tappin and others, 2003, Lee and others, 2007, Goff and others, 2006).

Within the offshore, southern California continental borderland, two large
submarine landslide complexes have so far been identified that are thought to have
generated tsunamis during the Holocene (past 10,000 years, Lee and others, submitted).
Both of these complexes show repeated episodes of failure, and they are likely to fail
again at some time in the future. The two complexes are the Goleta slide near Santa
Barbara (Fisher and others, 2005) and the Palos Verdes debris avalanche (Locat and
others, 2004). According to Lee and others (2004), the last major failure of the Goleta
slide was 5,500 years ago and the last major failure of the Palos Verdes debris avalanche
was 3,500 to 7,500 years ago. Of these two major failure complexes, the Palos Verdes
deposit is about 90 km from the nearest point of fault rupture for the Scenario earthquake,
whereas the Goleta slide is about 150 km away. If the ShakeOut Scenario earthquake
were to cause a major submarine slope failure, the most likely event would be a
recurrence of failure within the Palos Verdes complex, because it is much closer than the
Goleta complex and consequently will experience stronger ground motions.

Locat and others (2004) performed a geotechnical analysis of the most recent
failure of the Palos Verdes debris avalanche and determined that a pseudo-static seismic
acceleration of 0.3 to 0.4 g was probably necessary to cause the event. The pseudo-static
seismic acceleration corresponds to steady horizontal force that, if applied constantly,
would produce a failure. Actual earthquake loading is dynamic, so such a pseudo-static
acceleration does not correspond to the peak ground acceleration (PGA) needed to cause
failure. The critical PGA would typically be higher. Ten Brink and others (submitted)
estimated that the PGA associated with slope failure would be about 1.9 times the critical
pseudo-static acceleration, or 0.6 to 0.75 g for the case of the Palos Verdes debris
avalanche. According to models for the ShakeOut Scenario earthquake, such high values
of PGA extend to only about 10 km from the fault rupture, a distance much shorter than
the 90-km span between the Palos Verdes feature and the nearest point of fault rupture.
Accordingly, the probability is extremely low that the ShakeOut Scenario earthquake
would cause a major submarine landslide that would in turn cause a damaging tsunami.
However, the probability is considerably higher for a variety of other earthquakes that
menace southern California.
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F. Seiches by Homa Lee and Eric Geist

The ShakeOut Scenario earthquake has the potential to produce seiches affecting
coastal facilities and inland bodies of water. Seiches are long-period, water-level
oscillations within closed or open basins that can be excited by a number of different
phenomena, including earthquake ground motions (for example McGarr, 1965). Like all
waves, the oscillations may have different periods, that is, the length of time over which
the wave repeats its motion; and every body of water will be of size and shape to enhance
resonance in waves of certain periods. These harmonic periods of the oscillation are
dependent on the dimensions and geometry of the water basin. Free oscillations excited
by, for example, coseismic tilting of the water level, decay primarily as a function of
bottom friction and topographic irregularities of the basin. Because of the shallow water
depth (average, 9 m) and large area of the Salton Sea, free oscillations are expected to
decay more rapidly compared to those in relatively deeper lakes. Differences in water
levels (6 cm) between two Salton Sea hydrologic stations have been ascribed to
meteorological seiches with a period of approximately 1.5 hr (Wilson and Wood, 1980).
This approximately corresponds to the second mode using a simplified basin geometry
(Dean and Dalrymple, 1991) and thus we would expect long-period seismic waves of
similar 1.5 hour periods to be most likely to resonate in the Salton Sea. However, rupture
directivity sends most of the energy in the ShakeOut earthquake away from the Salton
Sea.

Seiches may be more of a problem in the coastal regions of the Los Angeles
sedimentary basin, where seismic surface waves from the ShakeOut earthquake are
higher in amplitude and longer in duration. Although seismic surface wave periods are
considerably shorter than seiche periods, the longer surface wave train will make it more
possible that seiches will be set up, compared to the Salton Sea, where earthquake rupture
initiates. As an example, the period of the fundamental mode for San Pedro Bay is 59.6
min. and that for the outer basin of Los Angeles Harbor is 6.5 min. (Wilson, 1972).

Seiche amplitudes are more difficult to estimate than seiche resonant periods
because of interference patterns and non-linear hydrodynamic interactions. That is, as the
various waves interact, some will grow in size and some will shrink. As a possible analog
to the ShakeOut Scenario earthquake, the M=7.9 Denali, Alaska earthquake generated a
destructive seiche in Lake Union, Washington, where seismic surface waves were
amplified by the Seattle sedimentary basin (Barberopoulou and others, 2004). Observed
seiche amplitudes were approximately 15-30 cm. Most of the damage caused by seiches
from this event, however, apparently arose from the horizontal motion of these long-
period waves.
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Chapter 4. Physical Damages by Keith Porter

A. Overview of Physical Damages

The damage 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
(Imperial, Kern, Orange, Riverside, San Bernardino, San Diego, and Ventura), this was
not available and the default HAZUS database was used, with improvements to the
structural characterization. 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 they were presented with 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 where 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 they were 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 is 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. These are still big
numbers.

The fault offset causes extensive damage to lifelines that cross the rupture: two
interstate highways (I-15 and I-10) cross the fault and lose lanes as a result of the offset.
Several oil and natural gas pipelines are also ruptured by the fault offset, as are several
rail lines, aqueducts, and potable water pipelines. Shaking-related damage to highway
bridges renders most freeways in Los Angeles, San Bernardino, and Riverside counties
impassible at several locations, with some damages taking as long as 5-7 months to
repair.

Electric power is lost throughout the study area immediately, and it is restored to
90% of those capable of receiving it within 3 days. Pipeline damage causes the loss of
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piped drinking water in much of the most strongly shaken areas (with MMI VIII+
shaking) for a week or more. Telecommunications are severely impacted as a result of
heightened demand after the earthquake, and to a limited extent because of damage to
telephone switching facilities and fiber-optic cables. Between 100,000 and 200,000
addresses lose phone and Internet service for between 2 and 5 days.

The earthquake causes the ignition of 1,600 fires. Owing in part to the loss of
piped water for firefighting, 200 million sq ft of residential and commercial property
valued at $40-100 billion is burnt. This is in addition to shaking-related property and
direct income losses valued at approximately $60 billion. Five pre-Northridge highrise
steel moment-frame buildings completely collapse, with approximately 5,000 people
inside. Approximately 50 low- and midrise older reinforced concrete moment-frame
buildings are hypothesized to collapse, most partially, as opposed to complete pancake-
style collapse. These involve 800 people in completely collapsed concrete buildings and
7,000 in partially collapsed ones. Approximately 900 unreinforced masonry buildings are
irreparably damaged.

None of the region’s dams ruptures. Three experience damage serious enough to
cause their operators to immediately draw down the reservoir behind the dams and call
for evacuation of downstream communities. The fault ruptures the Palmdale Reservoir,
which combined with damage to the California Aqueduct, results in flooding in some
residential areas of Palmdale. Damage to sewer pipelines and equipment at wastewater
treatment plants causes sewage spills at 50 to 100 locations throughout the study region,
with untreated sewage flowing into nearby creeks, subsequently requiring cleanup.

The Ports of Los Angeles and Long Beach experience minor damage, but port
operations are nonetheless hindered for 2 weeks or so by the aforementioned damage to
the rail and highway network, by which most land shipments enter and leave the ports.
The loss of electric power causes dozens to hundreds of elevator occupants to be trapped
for several hours or more in elevators between floors, requiring first responders to extract
them. The tripping of seismic switches requires large numbers of elevators to be
inspected by elevator mechanics before being put back into service, resulting in long
restoration times for elevators throughout the study region. Of hospital buildings in Los
Angeles, Orange, Riverside, and San Bernardino Counties, it is posited for ShakeOut
Scenario planning purposes that over 60% of the buildings are nonfunctional and suffer
irreparable damage. Over 85% of the buildings suffer significant non-structural damage.
Damage to four hospitals in San Bernardino County is particularly severe, impacting
almost 40% of licensed beds in the county.

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/scenario(8.

B. Ground Deformation Impacts to Lifeline Corridors by Jerome Treiman and
others

This excerpts a study by Jerome A. Treiman, Charles R. Real, Rick I. Wilson, Michael A. Silva, Cynthia L.
Pridmore, Timothy P. McCrink, Ralph C. Loyd, and Michael S. Reichle, California Geological Survey. See
Appendix E for full study.

Overview of the Issues

Lifelines are the veins and arteries of the Los Angeles region. Pipelines (oil, gas,
and water), aqueducts, canals, highways, railway lines, fiber-optic communication cables,
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and power transmission lines move energy, goods, information, and people within, into
and out of southern California. These lifelines are critical to the economy of the area,
indeed to the economy of the nation. As a result of the unique southern California
geography, lifelines going to the north and the east tend to funnel through only a few
topographic passes. Steinbrugge and others (1987), referred to these areas as “lifeline
corridors.” At each of these passes, where the lifelines are concentrated in a small area,
they must cross the southern San Andreas Fault. Because of the importance of these
corridors, we give them special attention in the ShakeOut Scenario. The focus areas
examined are Interstate 5 near Pyramid Lake (Tejon Pass), Palmdale/Highway 14
(Soledad Pass), Cajon Pass, San Gorgonio Pass, and the Coachella Valley near Indio. In
each area, we examined three earthquake-related hazards and their effects on the lifelines:
fault rupture, earthquake-induced landslides and liquefaction. The locations of the areas
considered are shown in fig. 4-1. This chapter summarizes the analyses of Treiman
(2008), Wilson and others (2008), and Real and others (2008). More detail on the
analyses and results can be found in those reports.
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Damage Estimates for the ShakeOut Scenario

Ground deformations from the first stages of this study were used to posit
damages to lifelines that cross the fault within the lifeline corridors, and these are
described in the lifelines sections below. In some cases, additional work has been done
since that time and some additional damages are posited, which are also listed here.

Interstate 5/Pyramid Lake Focus Area

Surface Fault Rupture—Fault rupture from the scenario earthquake does not
extend as far west as Interstate 5. Therefore, there would not be damage to lifelines due to
surface fault rupture in this corridor.

Landslides—The Interstate 5 corridor was examined from Gorman to Pyramid
Lake for potential earthquake-induced landslide hazard. The priority targets identified for
analysis are a large landslide complex and an adjacent 60-meter-high, slide-prone road-
cut near the Vista Del Lago Visitor Center (California Department of Water Resources
facility) above Pyramid Lake, approximately 25 kilometers from the western end of the
scenario fault rupture. This area has produced numerous recent landslides activated
during winter rains that have impacted the highway and various utility lifelines that cross
the area. Based on the results of v.1.1.0 of the ShakeOut ground-shaking analysis by
Graves and others (2007; see Chapter 3), it was concluded that ground motions calculated
for the scenario event are too low to trigger significant slope instability.

Palmdale/Highway 14 Focus Area

Surface Fault Rupture—Surface displacement within the Palmdale/Highway 14
focus area is proposed to occur primarily on the main strand of the San Andreas Fault,
but as much as 20% of the rupture may be distributed to several adjacent parallel fault
strands, namely the Littlerock, Cemetery and Nadeau faults (fig. 4-2). Fault trace
locations are based on detailed field mapping and aerial photo interpretation by Barrows
and others (1985).

Slip distributions between the fault traces are a judgment call based on experience
and familiarity with the San Andreas Fault and observation of slip distribution in strike-
slip earthquakes on other faults. Intense shearing and deformation adjacent to the main
trace are expected to cause some broader zones (200+ meters) of distributed shear, most
importantly at the two aqueduct crossings and at Lake Palmdale dam. Lateral fault offset
at these locations is proposed in the range of 3.0-3.5 meters. Highway 14 could be offset
2.8 meters at the main trace of the San Andreas Fault and about a third of a meter at each
of two other fault crossings. Natural gas pipelines, railway lines and fiber-optic
communication cables could experience comparable offsets at several fault lines. Power
lines, where they cross the fault traces, may be affected by extension.

Landslides—W ithin this focus area, the only significant slopes that could have
impacts on lifelines are a pair of 20-meter-tall road-cuts that face each other along
Highway 14 between the main and northern strands of the San Andreas Fault Zone.
Based on an analysis performed by the California Geological Survey (CGS) for the
Seismic Hazard Zone map of the area, these road-cut slopes are considered to have a high
hazard potential for landslides (Wilson and others, 2003; Department of
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Conservation(DOC)-CGS, 2003). During the scenario earthquake, an estimated 1,000
cubic-meters of material could be deposited on the highway.

Liquefaction—In the Palmdale area, several lifelines could be affected by
liquefaction-induced lateral spreading; these include Highway 14, buried fiber-optic
communication cables, petroleum pipelines, railway lines, and the California Aqueduct.
The liquefaction potential for the Palmdale area was reviewed in earlier studies by CGS
(Mattison and Barrows, 2003; Pridmore, 2003); and more recently by DOC-CGS
(2003a,b).
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Cajon Pass Focus Area

The Cajon Pass focus area is approximately 20 square kilometers in size and is
located along the Interstate 15 corridor centered about 39 kilometers north of the City of
San Bernardino. The focus area was also extended to the south of the fault rupture area to
encompass steep unstable slopes above the railroad rights of way. The impacts to lifelines
from a similar scenario earthquake for the Cajon Pass area were previously evaluated and
summarized in reports published by the Federal Emergency Management Agency
(FEMA, 1992a; 1992b).

Surface Fault Rupture—Surface displacement within the Cajon Pass focus area
is modeled to occur only along the principal trace of the San Andreas Fault, including a
few narrow stepovers (fig. 4-3). Fault trace locations are modified from mapping by
Weldon (1986); they have been relocated to match fault-geomorphic features observed in
aerial imagery and LiDAR data. Ground rupture is proposed to offset rail lines as much
as 4.0 meters; I-15 by 2.8 meters; and a number of gas, oil, communications and power
lines by as much as 5.3 meters.

Landslides—Five moderate to deep-seated landslides, identified in fig. 4-3 (LS-1
through LS-5), were selected for evaluation based on their proximity to specific lifelines.
A detailed analysis was made to provide an estimate of landslide movement during the
scenario earthquake (Wilson and others, 2008). If the analysis indicates that earthquake-
induced displacements are relatively large (greater than one meter), there is a higher
chance that the landslide, or portions of it, could disaggregate and change behavior from
a coherent sliding block to a flow-type failure. As a consequence, rather than landslide
displacements of tens to hundreds of centimeters expected for a coherent sliding block, a
flow failure initiates where displacements can be an order of magnitude greater, that is,
on the order of tens of meters. Such catastrophic failure is posited for landslides LS-1,
LS-2 and LS-4, which could involve from one- to 15-million cubic meters of rock and
soil. Landslides LS-3 and LS-5 are partially buttressed by fill and would have lesser
displacement but could still have an impact.

Aside from the five major landslides, CGS has identified at least six areas where
lifelines cross slopes with high hazard potential for shallow landslides to occur during a
large earthquake. The areas are shown as areas A through F in fig. 4-3. These are areas
that are likely to cause the most significant impact to transportation and utility lifelines in
the Cajon Pass focus area.

Probably the most significant impact of the slope failures will be to transportation
routes. The large artificial fill prisms constructed for I-15 in area A will likely have
significant seismic compression/settlement and possibly landslide failures during a very
large earthquake. There is evidence from numerous earthquakes that seismic compression
and/or vertical settlement occurs on large highway fill prisms such as the one through
Cajon Pass. Seismically-induced settlement could displace the highway as much as
several meters vertically. In addition, considering the long duration of high ground
motions expected, a worst-case scenario could include a large portion of the highway fill
prism failing catastrophically in a westerly direction and sections of both the north and
south bound lanes being displaced significantly. Road cuts in area E could fail along
zones of weakness and adverse structure within the bedrock. Overall, the total amount of
debris that could be shed on I-15 could be about 73,000 cubic meters. At area C, the old
Route 66 roadbed (important access for lifeline repair) could be displaced or blocked by
bedrock failures below and road cut failures above.
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Rail lines could be displaced at several locations, significantly so at LS-1 and LS-
2; the tracks may also be buried under millions of cubic meters of debris at LS-1, LS-2,
and LS-4. Several adjacent sections of railroad tracks in areas D and F may be covered by
tens of thousands of cubic meters of additional debris.

Shallow and deeper landslides in this scenario could cause failure of power
transmission line towers along five separate rights-of-way. A 36 inch gas line could be
displaced at up to four locations. Other buried petroleum product lines and fiber-optic
communication lines are expected to be displaced by landslides and/or buried by debris at
multiple locations.

Liquefaction—The current channel of Cajon Creek is flanked by a series of four
elevated terraces formed as the mountain range uplifted and Cajon Creek eroded
downward. As terrace elevation and age increase, the deposits are less susceptible to
liquefaction because depth to saturation increases and the deposits become more
indurated. Therefore, the lowest terrace, which lies in the Cajon Wash, is considered the
most susceptible, while the highest terraces are considered unlikely to liquefy. It is
assumed for purposes of the scenario that the lower two terraces are susceptible to
liquefaction lateral spreading, so our deformation analysis is focused there.

Seven sites were identified from aerial imagery as potential liquefaction sites near
co-located lifelines (fig. 4-3). Of the seven sites, field inspection revealed four that have a
high potential for liquefaction-induced lateral spread. Because these sites are less than
two kilometers from the primary scenario rupture of a M7.8 event, it is assumed that the
high amplitude and long duration of shaking will build pore pressures so rapidly that
liquefaction will occur in the heterogeneous channel and terrace deposits.

Estimates of horizontal displacement are as much as 10 meters, affecting railway
lines, highway, petroleum and gas pipelines, and fiber-optic communication cables.

102



lifeline offset at fault

faults

power lines

gas or oil pipelines

fiber optic lines

railroad

landslide likely to
disrupt lifelines

area of shallow
landslides

liquefaction sites

Figure 4-3. Hazards to lifelines in the Cajon Pass area.

103



San Gorgonio Pass Focus Area

Surface Fault Rupture—The San Gorgonio Pass focus area includes a broad
stepover from the Banning Fault to the Garnet Hill and San Gorgonio Pass faults. Based
on geomorphic expression, the Banning Fault is the primary fault trace to the east but slip
appears to diminish westward into the San Gorgonio Pass. Meanwhile, the Garnet Hill
Fault, poorly expressed to the east, becomes prominent to the west and merges into the
active San Gorgonio Pass Fault Zone. Surface slip (1.4-4.6 meters) is modeled to transfer
gradually between the Banning Fault and the Garnet Hill-San Gorgonio Pass faults. Fault
trace locations in this focus area (fig. 4-4) are based on aerial photo interpretation and
field mapping (See Fault Evaluation Reports by Smith, 1979; Treiman, 1994; and sources
therein; and Yule and Sieh (2003).) It is anticipated that in the scenario event the
Metropolitan Water District aqueduct will be disrupted by strikeslip displacement at four
locations, including the tunnel section in the west-central part of the focus area. Proposed
offsets vary from 0.46 to 1.28 meters. Highway 62 will be broken in two localities with
offset up to one meter. The Garnet Hill Fault roughly parallels a section of I-10 and may
cause breakage along as much as a kilometer of pavement, as well as affecting co-located
fiber-optic communication lines. Overhead power lines will be affected in different parts
of the focus area by extensional and compressional displacements.

Landslides—Fig. 4-4 shows the two specific areas that were analyzed for
potential slope failure in the San Gorgonio Pass area (Wilson et al, 2008): 1) a 60-meter-
tall, steep slope, named LS-Bluff, and 2) a large “landslump” mapped by Proctor (1968),
modified and shown as LS-Slump.

The LS-Bluff locality sits below several overhead power-line towers. Catastrophic
failure is not considered likely, although slight (0.5 meter) westward displacement of the
towers is possible. The LS-Slump feature, including a 60-meter slope directly above 1-10,
may fail onto the interstate. In doing so it would bury co-located fiber-optic
communication lines and probably disrupt overhead power transmission lines.

Liquefaction—Five sites were evaluated in the San Gorgonio Pass area as
potential liquefaction sites near co-located lifelines (fig. 4-4). Two of the sites are along
I-10 where fiber-optic cables and the interstate highway share right-of-way (sites 1 and
5), and are proposed to experience from 4 to 8 meters of displacement. The three other
sites evaluated are located further south where high-pressure gas pipelines (site 2), rail
lines (site 3) and Highway 111 (site 4) are located. Site 2 might experience 4 to 6 meters
of displacement and sites 3 and 4 might have 3 to 5 meters. Site 4 is located on the San
Gorgonio River, and site 5 is located on Cottonwood Creek.

104



 Fandh 71

0.74m

e lifeline offset at
faults fault
power lines
gas or oil pipelines - 5 liquefaction site
fiber optic lines
aqueduct or canal LS~ jandslide likely to
railroad disrupt lifelines

g
!
L
1
Al
i
,"_f'
- M‘::‘s‘,
- £ L \_\
_____________________ i . : - "—"“:.-'.'-Q
‘_'_________________,_,_,n.-?_-_a., _..\: _______ ! a
S L, ———— - 1 e g
San Gorgonio Pass Fault Zone S
b B S
: - nterstate fb‘-\_ i o= iy,

Figure 4-4. Hazards to lifelines in the San Gorgonio Pass area.
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Coachella Valley Focus Area

Surface Fault Rupture—The Coachella focus area is characterized by a single
fault trace with some minor extensional stepovers (fig. 4-5). Slip values shown represent
the net surface slip; co-seismic slip at the surface is projected to be 60% of these values
with afterslip continuing for weeks to months as strain propagates through the deep
alluvium in this area.

Previous fault trace mapping by Clark (1984) has been relocated based on
interpretation of vintage aerial photos and careful registration of the images within a GIS
database as well as from local interpretation and mapping by consultants (Miles Kenney,
personal communication, 2007).

Several lifelines, including Interstate 10 and the Coachella Canal, may be affected
immediately by 2.2 to 4.8 meters of offset along this rupture segment. The scenario
should anticipate afterslip amounting to an additional 1.8 to 3.2 meters along this section
of the fault, which may interfere with reconstruction efforts. Total cumulative slip is
shown on fig. 4-5.

Liquefaction—Six sites were evaluated for liquefaction displacements (fig. 4-5).
Five of these (sites 1-5) are along Interstate 10 where fiber-optic cables and the interstate
highway share right-of-way. Site 6 evaluated the rail lines near Avenue 46 and Highway
111/86. Among the six sites, sites 2 through 5 were evaluated for lateral spread
deformation with respect to the free face of the nearby, channelized Whitewater River
and are proposed to experience 2 meters of horizontal displacement. Two other sites
(sites 1 and 6) were evaluated for lateral spreading using the ground slope parameters of
the Bardet and others (2002) model. Site 1 might have up to 3 meters horizontal
displacement and site 6 would have 1 meter of displacement.
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Figure 4-5. Hazards to lifelines in the Coachella area.

Conclusions

The ShakeOut Scenario earthquake has significant impacts on the transit of
people, information, goods, and services through four key lifeline corridors in southern
California. Aqueducts and pipelines that convey water and fuel products, fiber-optic
communication lines, railroads, and highways will be severed directly by fault rupture,
displaced by liquefaction-related ground failure, and displaced and/or buried by
landslides. Overhead power transmission lines will fail where towers collapse or shift
dramatically due to landsliding; other failures may occur where fault displacement
stretches overhead lines beyond design tolerances. All of these impacts are likely in the
Cajon Pass focus area with lesser, but still significant, combinations of these hazards in
the other focus areas.

As an example of the widespread impacts to just one lifeline category, railroad
tracks in Cajon Pass will be displaced three to four meters at the San Andreas Fault, but
also displaced elsewhere in the Pass by landsliding, with the right-of-way also being
buried by millions of cubic meters of landslide debris from several large landslides and
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an undetermined number of smaller slope failures. Rail traffic will also be disrupted at
Palmdale due to fault displacement of at least three meters affecting the tracks and the
adjacent dam. Liquefaction in San Gorgonio Pass and near Coachella may also imperil
rail lines. Although not in one of our focused study areas, it should be noted that nearly
3.5 kilometers of rail line adjacent to the Salton Sea so closely parallels the scenario
rupture that it too, may see extensive failure.

Other lifelines will similarly experience multiple failures throughout these vital
corridors.

C. HAZUS by Keith Porter and Hope Seligson

HAZUS-Multi-Hazards (HAZUS) is FEMA’s loss-estimation tool for emergency
planning. Developed in the 1990s and early 2000s for FEMA by the National Institute of
Building Sciences and a large number of technical experts in a wide variety of
disciplines, HAZUS produces societal-level estimates of human and economic
consequences of earthquakes, hurricanes, and floods. To understand how HAZUS’
earthquake module was used and enhanced for the present scenario, it is helpful to
understand generally how HAZUS works.

Assets exposed to loss—HAZUS uses economic and population census data, as
well as commercial economic data, to estimate the number of people exposed to various
hazards, on a geographic basis. It also encodes engineering judgment in a number of
matrices to estimate the quantities and structural characteristics of the built environment
(such as buildings, bridges, and pipelines) that are exposed to damage and loss. From
these estimates it derives estimates of loss and damage, with quantities that are generally
aggregated at the level of census tracts, as opposed to individual buildings.

Earth science hazards—To estimate the shaking at any given site in any given
fault rupture, HAZUS uses built-in earthquake fault maps and estimates of how
frequently each fault experiences an earthquake of a certain magnitude, along with
probabilistic relationships between magnitude and distance from the fault rupture to any
given site. By assuming a particular fault rupture occurs (such as the ShakeOut Scenario
earthquake), HAZUS can estimate the shaking experienced by any given portion of the
built environment, such as the shaking experienced by all high-rise, steel-moment-frame
buildings built during a particular era and standing in a particular census tract of
downtown Los Angeles. HAZUS also estimates liquefaction effects, using ground
shaking, soil maps, and assumptions about depth to groundwater.

Damage and loss—HAZUS uses an analytical, structural engineering
methodology to estimate the probabilistic physical damage to each such portion of the
built environment, such as the fraction of the high-rise, steel-moment-frame buildings
that can be expected to collapse in the scenario earthquake, or the fraction of
unreinforced masonry buildings that might experience slight structural damage. Given
probabilistic physical damage, HAZUS then estimates property losses by using built-in
estimates of repair costs as a function of structure type, damage state, and occupancy. In
addition to property loss due to earthquake shaking, HAZUS also estimates business
interruption losses, homeless caseload, casualties, fire following earthquake, losses from
liquefaction and other ground-failures, and other secondary sources of loss. It does not
estimate insurance loss.

Enhancing HAZUS default data—The power and scope of HAZUS are
increased by the ability to augment default databases and supplement or enhance certain
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of its methodologies. For the ShakeOut Scenario, HAZUS was supplemented in several
ways. First, maps of shaking intensity developed for the Scenario project were substituted
for the maps that HAZUS would have produced for the fault rupture. HAZUS treats
shaking intensity with four parameters - peak ground acceleration (PGA), 5%-damped
elastic spectral acceleration response at 0.3-second and 1-second periods (S,[0.3 sec, 5%]
and S [1.0 sec, 5%]), and peak ground velocity (PGV) - so the Scenario generated maps
of these parameters at the census-tract level, weighted to account for population
distribution at the census-block level, and adjusted to account for shaking amplification
produced by soil near the ground surface. Landslide maps developed by the California
Geological Survey were also imported to HAZUS, although this proved to have little
effect on HAZUS-estimated loss.

Southern California structural engineering experts provided local judgment to
enhance HAZUS’ default assumptions about the distribution of structure types. We
improved the structural characterization for all counties, and used additional inventory
improvements in LA County. In a previous project for the Governor’s Office of
Emergency Services, tax-assessor data for Los Angeles County were used to replace
HAZUS’ default estimates of the quantities of taxable property. Similar tax-assessor data
for other Southern California counties could not be acquired in time for this first phase of
the ShakeOut Scenario. However, for use in the ShakeOut Scenario, exposure values
(both building and content) for the Los Angeles County data were updated for
consistency with the latest HAZUS building and content valuation models. Comparison
of the updated inventory data to the HAZUS default demonstrates the importance of this
type of update; for commercial and industrial occupancies, the HAZUS default data has
40% less building square footage than the database derived from assessor’s data. The use
of improved inventory data in Los Angeles County makes the Los Angeles damage and
loss estimates more reliable. For other heavily impacted counties, San Bernardino &
Riverside, use of the HAZUS default inventory and exposure data most likely leads to an
underestimate of the exposure and associated loss. The losses estimated in Riverside and
San Bernardino Counties should therefore be considered lower bound estimates and with
inventory enhancement, they might increase on the order of 20 — 30%.

Because HAZUS was intended to facilitate natural hazard risk assessments on a
consistent basis nationwide, the software is provided with a significant amount of default
data to allow the user to run a simplified (HAZUS Level 1) analysis “straight from the
box”, without input of any additional data. By virtue of the fact that the default databases
must be assembled at a national level, the data may be, in some cases, incomplete (having
been collected by other agencies for different purposes) or out of date (some data are no
longer available in the public domain due to security and other concerns). While Level 1
analyses are useful for gauging the approximate magnitude of potential impacts, the
accuracy of results can be enhanced by the input of “user-supplied” data, resulting in a
HAZUS Level 2, and potentially Level 3 analysis. The HAZUS enhancements conducted
for the ShakeOut scenario, including generation of custom ground motion and other
secondary hazard inputs, incorporation of significant building inventory database
enhancements, and economic and population parameter adjustment (tested using a
calibration exercise for the 1994 Northridge earthquake), result in a HAZUS earthquake
loss assessment that would be considered “Level 3”.

With these enhancements, HAZUS generated estimates of damage and loss
(Seligson, 2007). Section E of this chapter provides HAZUS and supplemented values
used in the ShakeOut Scenario.
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D. Supplemental Studies

To examine certain important topic areas of physical damage in greater depth than
HAZUS can achieve, or to check or improve HAZUS estimates of physical damage, 19
additional studies of physical impacts were performed for this Scenario. These took the
form of modest studies by individuals or small groups, as well as discussions among
experts. Other supplemental studies were also conducted outside HAZUS that involved
emergency response and casualties; they are described in chapters 5 and 6 of this report.
The supplemental studies regarding physical impacts are listed below, and described in
detail in the sections that immediately follow.

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.

Individual or group studies:
0 Unreinforced masonry buildings
Mid- and High-rise Pre-Northridge welded-steel moment-frame buildings
Non-ductile reinforced concrete moment-frame buildings
Woodframe buildings
Ports of Los Angeles and Long Beach
Elevators
Hospitals
Highways
Rail
Telecommunications
Natural gas and liquid fuels pipelines
Fire following earthquake
Hazardous materials

OO0OO0OO0OO0OO0O0O0OO0O0OO0OO0OO

Expert panels:

Dams, reservoirs, and aqueducts
Wastewater and debris disposal
Mass transit

Surface streets

Water supply

Electric power

The supplemental studies were typically limited to a few days of effort and relied
to varying degrees on expert judgment. In several cases, the special studies built upon
other work by the authors, and so represent more than a few days’ effort. Most notably
these include steel-frame buildings, non-ductile concrete buildings, fire following
earthquake, and highways. The expert panels were generally limited to a four hour
discussion among engineers and operators of local utilities, who were briefed on the
shaking and other earth-science impacts of the Scenario, and then asked to judge a
realistic damage outcome of the earthquake. In each study or panel, participants also
identified useful mitigation measures that might greatly reduce either the damage or the
consequences of damage. When all damage estimations for the Scenario were completed,
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panel members and authors were invited to participate in a symposium to hear and
discuss the findings.

I. Key Building Types

Unreinforced Masonry (URM) Buildings

Study by Richard L. Hess, S.E.,Hess Engineering Inc.
“Impacts of a M7.8 Southern San Andreas Earthquake on Unreinforced Masonry (URM) Buildings”

Overview of the Issues

Unreinforce masonry (URM) buildings have performed poorly in earthquakes
worldwide and that they are dangerous in earthquakes is indisputable. Due to their
inherent brittleness, lack of tensile strength, and lack of ductility, URM buildings are
prone to collapse even in earthquakes of moderate size. Recognizing the considerable
seismic vulnerability of URM buildings, California prohibited the construction of them
after the 1933 Long Beach earthquake, and in 1986 passed legislation to mandate
communities at high seismic risk to identify and attempt to mitigate URM building risk.
Although the URM building mitigation rate in southern California approaches 90% in
some counties, thousands of URM buildings remain, and partial retrofits have only
partially reduced the hazard in many buildings. Moreover, URM retrofit is designed to
protect life safety, not building functionality; thus a successful retrofit will still result in a
building that can no longer function, creating significant long-term societal and economic
impacts.

Experience with URM buildings in the 1987 Whittier, 1989 Loma Prieta, and
1994 Northridge earthquakes is relevant to future performance where level of shaking is
concerned. An individual building may have damage levels above or below the average
depending on its structural characteristics and the local ground motion. For example, if it
has features other than being rectangular with continuous floor and roof diaphragms,
additional damage will occur unless a retrofit engineer and contractor correctly address
these irregularities.

We do not have experience with the performance of southern California’s URM
buildings during the duration of strong shaking that will occur in the ShakeOut Scenario
earthquake. However the prospects are poor. Durations of shaking in the Northridge and
Loma Prieta earthquakes were seven seconds, with some places suffering continued
shaking for up to fifteen seconds. The ShakeOut Scenario earthquake will instead
produce strong shaking that lasts 30-50 seconds, with continued shaking for as much as
100 seconds. After the Northridge event, some URM buildings that had not collapsed
showed displaced supports that appeared ready to collapse after just one or two more
ground oscillations.

Table 4-1 shows the status of URM buildings in the city of Los Angeles after the
1994 Northridge earthquake, from a report for the City of Los Angeles Task Force on
Building Damage. This tabulation shows that, in this much smaller earthquake, 2.5% of
retrofitted buildings suffered damage that was more than 10% of their replacement cost,
and 0.3% suffered damage that exceeded 50%. For non-retrofitted buildings, 10.5% were
damaged more than 10%, and 7% had damage that exceeded 50% of replacement cost.
This demonstrates the value of the retrofit program but also that retrofitting URM
buildings does not eliminate risk. Building configuration and the quality of the retrofit
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evaluation, design and construction make a substantial difference in the degree of
improvement.

Table 4-1. Ground Motion Intensity and URM Building Damage in City of Los Angeles
during 1994 Northridge earthquake.

URM Status Unstrengthened Strengthened
Council| Location Total URM|  Prior Divison 88 | Non-Division 88| < 10% | <50% | >50% | <10% | <50% | >50%
District | (approx.)| MMI | Buildings | Demolition | Exempt| Strengthened| Unstrengthened | Damage | Damage | Damage | Damage | Damage | Damage
1 |I2s-15]] Vi 906 151 15 654 86 10 5 2 94 9 0
2 [20.5] Vil 3 3 1 23 4 1] 1] 0 2 0 0
3 [-50] | vili 54 7 1 45 1 0 0 0 8 7 2
4 [[20-10]] il 644 81 7 480 66 15 9 2 73 8 2
5 [ [10-10]] VIHX 220 20 9 183 B8 1 2 1 7 3 1
6 | [10,25]| VI-Vil 265 34 12 178 41 2 2 1 9 1 0
7 [10,10] |