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PREFACE

This manual is intended to provide a technical resource for bridge and geotechnical engineers responsible
for seismic analysis and design of transportation geotechnical features and structures such as soil and rock
slopes, earth embankments, retaining structures and buried structures; and structural foundations
including shallow and deep foundations and abutments. This manual includes topics such as earthquake
fundamentals and engineering seismology, seismic hazard analysis, ground motion characterization, site
characterization, site-specific seismic site response analysis, geotechnical hazards including liquefaction,
slope instability, and seismic settlement, and soil-foundation-structure interaction, and addresses the
requirements and recommendations of the seismic provisions in AASHTO LRFD Bridge Design
Specifications (2007, 2008, and 2009), AASHTO Guide Specifications for LRFD Seismic Bridge Design
(2009), and the NCHRP Report 611 (2008) from NCHRP Project 12-70 “Seismic Analysis and Design of
Retaining Walls, Buried Structures, Slopes, and Embankment.”

Chapters 1 and 2 present LRFD seismic analysis and design principles, and basic concepts of seismic
geology and engineering seismology. This information is essential background information for
subsequent discussions of seismic hazard analysis, ground motion characterization and structural
foundation design.

Chapter 3 presents the details of both probabilistic and deterministic seismic hazard analysis.
Development of the Uniform Hazard Spectrum for a specified probability and exposure period using
either the National Seismic Hazard maps developed by the USGS or the ground motion maps developed
by USGS specifically for AASHTO is presented. Development of the AASHTO truncated acceleration
response spectra for use in structural analysis from the Uniform Hazard Spectrum is illustrated. The
process of deaggregation by which a probabilistically-derived uniform hazard spectrum is decomposed
into magnitude and distance combinations in order to determine a representative magnitude and distance
for the design earthquake is described. Guidelines for selecting a suite of representative time histories for
the representative design event are presented.

Chapter 4 described site characterization for seismic analysis. The use of the Standard Penetration Test
(SPT) and the Cone Penetration Test (CPT) to evaluate site stratigraphy and geotechnical properties is
explained in detail. Geophysical techniques for site investigation are also addressed. Characterization of
rock mass behavior and quantification of rock mass strength is described. Correlations between important
geotechnical properties, including relative density, shear strength, and shear wave velocity, from both in
situ test results and soil classification and index test data are presented.

In Chapter 5, the process of site specific seismic response analysis is described. Methods addressed in
this chapter include simplified chart-based methods to adjust the peak ground acceleration for local site
conditions, equivalent linear one-dimensional site response analysis, non-linear one-dimensional site
response analysis with pore pressure generation, and advanced two-dimensional site response analysis.
The development of input parameters for equivalent-linear one-dimensional site response analyses, the
most common type of advanced analysis performed in practice, are described in detail.

Chapter 6 describes earthquake-induced damage due to the geotechnical seismic hazards of slope
instability, liquefaction, and seismic settlement. Methods to evaluate seismic slope deformation,
liquefaction potential, liquefaction-induced ground displacements, and seismic settlement are described in
detail in this chapter. A method to evaluate the appropriate value of the seismic coefficient for pseudo-
static slope stability analyses that accounts for spatial incoherence of ground motions, the local seismic
environment, local site conditions, and acceptable displacement levels is presented.
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Chapter 7 addresses design of earthwork features for transportation facilities, including soil and rock
slopes and embankments. A performance-based seismic design philosophy that employs the concept of
allowable displacement is described. Soil and site improvement techniques that can be used when the
seismic displacement are unacceptable are presented with an emphasis on remediation of slope stability
and liquefaction.

Chapter 8 describes the seismic design process and the AASHTO seismic design methodology, including
capacity design of bridge foundations, the concept of the earthquake resisting system for a bridge,
guidelines for what types of earthquake resisting elements are allowable and not recommended, and basic
principles of soil-foundation-structure interaction. The principles of both kinematic and inertial
interaction are described.

Chapter 9 describes the seismic design of shallow foundations, including techniques to assess both
foundation stiffness and foundation capacity. Equations for calculating the stiffness coefficients for the
six modes of foundation displacement for use in an inertial interaction analysis are presented. Foundation
capacity analyses discussed in the chapter include bearing, overturning, and sliding.

Chapter 10 addresses deep foundation design. Both p-y/t-z analyses and simple elastic solutions to
evaluate the stiffness of an individual pile are discussed along with methods to account for group effects
and to assemble individual pile and pile cap stiffness into a group stiffness. Sophisticated methods and a
simple approximate method to account for kinematic interaction at soft soil sites are described. Analyses
to evaluate the response of pile foundations to ground displacement demand from laterally spreading
induced by liquefaction are discussed.

Chapter 11 presents methods for seismic design of free standing retaining walls. A variety of methods for
predicting seismic active earth pressures, including the Mononobe-Okabe method, design charts that
include the influence of a cohesion component to the shear strength, the Coulomb wedge method, and the
general equilibrium method, are described along with a displacement-based method for evaluating the
appropriate seismic coefficient for use in design. Charts for evaluating the passive earth pressure
coefficient, including the effect of cohesion, are also presented in this chapter. Design of gravity and
semi-gravity retaining walls for sliding, overturning, and bearing modes is discussed in detail. Earth
pressure diagrams for non-gravity cantilever walls, anchored walls, and MSE walls are described along
with recommendations for the seismic coefficient for use in design.

Chapter 12 describes bridge abutment design. The characterization of the stiffness of both conventional
seat-type and integral abutments for inclusion in the global bridge model is presented. The effect of
skewed abutments on the seismic performance of the bridge is discussed.

Lastly, Chapter 13 presents design considerations for buried structures, including culverts and pipelines.
Simple closed form solutions are presented for the displacement demand on buried structures subject to
seismic loading.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

While earthquakes are sometimes considered primarily a California or west coast problem in the
continental United States (US), damaging earthquakes are not limited to the western US. In fact, some of
the strongest earthquakes in historical time in the United States occurred in the central and eastern US.
The Charleston, South Carolina earthquake of 1886 is believed to have been as strong, if not stronger,
than the 1971 San Fernando and 1994 Northridge earthquakes, and there were three large magnitude
earthquakes, including at least one believed to have been as strong as the 1906 San Francisco earthquake,
in the New Madrid seismic zone in the central United States in 1811 and 1812. Furthermore, in many
areas of the United States bridges and other transportation structures are inadequately designed to resist

even moderate levels of ground shaking without collapse.

Figure 1-1 shows the United States Geological Survey (USGS) National Seismic Hazard Map for the
peak ground acceleration with a 10% probability of being exceeded in 50 Years. The probability level for
the map in Figure 1-1 corresponds to an annual probability of occurrence of 0.2%, or a return period of
approximately 500 years, i.e. ground motions that are roughly twice as likely to occur as the design level
specified in the current AASHTO (American Association of State Highway and Transportation Officials)
seismic design provisions for bridges in the United States. Data produced by the USGS National Seismic
Hazard Mapping Program indicates that at least 40 percent of the United States is subject to damaging
ground shaking levels with 7 percent probability of occurrence in a 75 year period (the AASHTO bridge
design criterion (corresponding to an approximately 0.1% annual probability of occurrence , or a 1000

year return period).

A factor that contributes the seismic hazard in the central and eastern US is that earthquake ground
motions do not appear to attenuate as rapidly as they do in the western US. Thus, earthquake motions are
felt over a much larger area in the western US compared to the central and eastern US for similar size
earthquakes. Figure 1-2 compares the felt areas from the Charleston and New Madrid earthquakes to the

San Fernando and San Francisco earthquakes.
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Figure 1-1 Peak Ground Acceleration with a 10% Probability of Being Exceeded in a 50 year Period
http://earthquake.usgs.gov/hazards/products/conterminous/2008/maps/)

Figure 1-2 Areas Impacted by Historic Earthquakes in the United States (ASCE)
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The susceptibility of older bridges and highway structures commonly found in the central and eastern US
to earthquake shaking also contributes to the seismic risk in these areas. The photo in Figure 1-3 shows
the collapse of the Cypress viaduct in Oakland in the 1989 Loma Prieta earthquake. This type of non-
ductile concrete construction is common in some parts of the central and eastern US and the level of
earthquake shaking at the Cypress viaduct was similar to the AASHTO design levels in the many of these
areas. Essentially, any of the pale green or darker areas on the National Seismic Hazard Map shown in
Figure 1-1 are subject to ground motions of similar intensity to those experiences by the Cypress

structure.

Figure 1-3 Collapse of the Cypress Viaduct in the 1989 Loma Prieta Earthquake (USGS)

1.2 EARTHQUAKE DAMAGE CATEGORIES

Damage from earthquakes can be subdivided into direct damage and indirect damage. Direct damage is
the physical damage due to the earthquake. Direct damage includes primary damage due to strong
shaking and fault rupture and secondary damage due to the effects of strong shaking or fault rupture.
Indirect damage refers to the socio-economic impacts of an earthquake. The economic component of

indirect damage often exceeds the economic consequences of direct damage from a major earthquake.
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1.2.1 Primary Damage

Primary damage includes damage due to fault rupture and strong shaking. While fault rupture can cause
significant damage to facilities built on or across the fault, the extent of the area impacted by fault rupture
is relatively small as it is limited to the immediate vicinity of the rupture zone. Furthermore, areas
susceptible to fault rupture in the western United States are often well-defined on geologic maps and
construction in these areas may be restricted (e.g. Alquist-Priolo special study zones in California). Fault
rupture is usually not a concern east of the Rocky Mountains, as faults east of the Rocky Mountains tend

not to have surface expressions when they rupture.

Primary damage due to strong shaking includes partial or total collapse of structures, landslides, and
liquefaction. Figure 1-4 shows an example of direct damage to a highway structure due to strong shaking
in the 1971 San Fernando earthquake. Factors influencing primary damage due to strong shaking include
the intensity, duration, and frequency characteristics of the strong ground motion. These factors are
related to distance between the site and the earthquake, the magnitude of the earthquake, and other
characteristics of the earthquake as well as local site conditions. Primary damage also includes ground

displacement phenomenon such as landslides and liquefaction induced by strong ground motions

Figure 1-4 Collapse of the I-5, SR-14 Overpass in the 1971 San Fernando Earthquake (USGS)
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1.2.2 Secondary Damage

Secondary damage is damage due to impact of primary damage, i.e., to phenomena induced by strong
shaking or ground displacement. Secondary damage includes the impacts of landslides (e.g. disrupted
roadways) and liquefaction (e.g. bearing capacity failure, lateral spreading, and slope instability) as well
as damage due to seismically-induced settlement and impacts to constructed facilities from seiches and
tsunamis. Figure 1-5 shows the collapse of the Showa Bridge in the 1964 Niigata, Japan earthquake due
to liquefaction induced lateral spreading of the bridge piers. Case history data indicates that lateral

spreading of liquefied soils is one of the major sources of damage to bridge foundations in earthquakes.

Figure 1-5 Collapse of the Showa Bridge in the 1964 Niigata, Japan Earthquake (NGDC)

Other types of secondary damage include fire following earthquakes and hazardous material spills. Much
of the damage in San Francisco in 1906 was due to fire following the earthquake. The fire damage was
exacerbated by ruptures to the water distribution due to earthquake-induced ground failure (e.g.
liquefaction), which hindered attempts to suppress the fires. More recently, fires following the Coalinga
(1984) earthquake were a significant source of secondary damage. Figure 1-6 shows fire due to a
ruptured gas main in the 1994 Northridge earthquake. Gas and oil pipelines and storage facilities are
often located within or adjacent to highway right-of-ways, creating fire and other secondary earthquake

hazards (e.g. hazardous material spills) that may impact transportation facilities.
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Figure 1-6 Fire Following the 1994 Northridge Earthquake due to a Rupture Gas Main

1.2.3 Indirect Damage

There are many sources of indirect damage following an earthquake. Besides the more obvious losses
due to disruption of business and commerce, disruption of essential services, and decline of property
values, environmental impacts and mental stress are significant sources of indirect damage.
Environmental effects can include not only hazardous material spills but also increased air pollution due
to increased travel distances and congestion from disrupted highways. Mental stress in the aftermath of
earthquakes often leads to an increase in divorce and suicide rates and other types of emotional problems.
Indirect damage following the 1989 Loma Prieta earthquake due to closure of the San Francisco-Oakland
Bay Bridge east span, shown in Figure 1-7, is estimated to have totaled hundreds of millions of dollars of
economic loss. In total, the economic component of secondary damage due to the Loma Pricta event is

estimated to have been well over $5 billion dollars.
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Figure 1-7 Damage to the San Francisco-Oakland Bay Bridge East Span due to the 1989 Loma
Prieta Earthquake (USGS)

1.3 DAMAGE TO HIGHWAY FACILITIES IN EARTHQUAKES

The record of damage to highway facilities from earthquakes starts with the 1933 Long Beach earthquake
— primarily because there were few highways before 1933 in areas subject to strong earthquake shaking,
e.g. in the vicinity of the 1906 San Francisco earthquake. The first scientific studies of bridge damage,
and liquefaction, commenced after the 1964 earthquakes in Niigata, Japan and Alaska. However, most of
the bridges damaged in Alaska were railway bridges. The first major study of earthquake-induced
highway bridge damage in the US followed the 1971 San Fernando earthquake. There have been
numerous studies of damage to highway facilities in the US and abroad since 1971. Today, almost
essentially every major earthquake is followed by reconnaissance studies that document both the damage

to and successful performance of constructed facilities, including transportation systems.

The 1971 San Fernando event was the first earthquake in the US which caused extensive damage to
modern highway facilities. The strong motion records collected in the San Fernando event also facilitated
the first statistical studies of strong ground motions. Observed damage on the San Fernando event
included structural damage to bridges and retaining walls, cracking and lateral spreading of roadways, and
slope instability.
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Figure 1-4 showed damage to the Interstate 5, State Route 14 interchange in the San Fernando earthquake,
under construction at the time of the earthquake. These spans fell off their bearings due to inadequate
seat width. Figure 1-8 shows the failure of an abutment wingwall at the Roxford Street undercrossing for
SR-101 in the San Fernando event. The wall in Figure 1-8 had inadequate capacity to resist the

seismically-induced lateral earth pressures.

Figure 1-8 Failure of the Wingwall at the Roxford Street Undercrossing in the 1971 San Fernando
Earthquake

Backfill placed against bridge abutments may be vulnerable to seismic settlement, particularly if the fill is
cohesionless and poorly compacted. Figure 1-9 shows settlement of an approach fill at an abutment in the
1971 San Fernando event. The damage shown in Figure 1-8 and Figure 1-9 may be considered acceptable
under the current AASHTO performance standard for ordinary bridges, as AASHTO allows for damage
in the design earthquake, even to the point of requiring complete replacement of the structure, as long it is

not likely to result in structural collapse or loss of life.
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Figure 1-9 Settlement of Abutment Embankment Fill in the 1971 San Fernando Earthquake (FHWA,
2004)

Several recent earthquakes provide dramatic examples of the types of damage that can occur to highway
facilities in an earthquake. In addition to the collapse of the Cypress viaduct (Figure 1-3) and the east
span of the San Francisco-Oakland Bay Bridge (Figure 1-7), another 91 bridges suffered significant
damage in the 1989 Loma Prieta event. Furthermore, State Route 17, the main highway from the Bay
Area to Santa Cruz, was blocked by a landslide, hindering emergency response and recovery. Figure 1-10
shows the Struve Slough Bridge following the Loma Prieta event. The pile — cap beam connection failed
due to strong shaking and ground displacement, the cap beam shifted off the piles, the bridge sat down in
the slough, and the piles punched through the bridge deck. Figure 1-11 shows the shear failure at the
head of the piles for the Struve Slough Bridge. Failure at the head of a pile due to inadequate
confinement or poor connection detailing is one of the most common types of damage to piles in

earthquakes.
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Figure 1-10 Collapse of the Bridge over Struve Slough in the 1989 Loma Prieta Earthquake (USGS)

Figure 1-11 Shear Failure of the Head of a Pile at the Struve Slough Bridge
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Landslides along the route of SR-17, including the one shown in Figure 1-12, closed 12 miles of this the
highway, the main route between the epicentral region of the Loma Prieta event, including the city of
Santa Cruz, and the San Francisco Bay Area, for 32 days. Besides hindering emergency response and
recovery, this closure resulted in substantial economic losses due to loss of commerce, increased traffic

congestion on alternate routes, and other secondary effects.

Figure 1-12 Landsliding Along SR-17 in the 1989 Loma Prieta Earthquake (USGS)

Figure 1-13 shows the collapse of the I-5 / SR-14 overpass in the 1994 Northridge earthquake. This is the
same overpass that collapsed in the 1971 earthquake (Figure 1-4). The overpass was rebuilt after San
Fernando earthquake as originally designed, before lessons learned from that earthquake were
incorporated into practice. The overpass was recognized as being seismically inadequate and was on the
list of bridges to be seismically retrofit, but funds had not yet been allocated for the retrofit project. About
10% of the approximately 12,000 miles of the state highway system were impacted by the Northridge

earthquake, and several major interchanges in the Los Angeles area failed.
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Figure 1-13 Collapse of the 1-5, SR-14 Interchange in the 1994 Northridge Earthquake (USGS)

1.4 AASHTO SEISMIC DESIGN PHILOSOPHY

The seismic design philosophy adopted by AASHTO for ordinary bridges is that they should be able to
withstand large rare earthquakes without collapse or loss of life (though they may suffer damage that
requires complete replacement of the structure) and that they should withstand smaller, more frequent
earthquakes without significant damage. However, only performance in the large, rare earthquake is
actually analyzed. “Acceptable” performance in smaller events is implicitly assumed, but not quantified,

and may range from repairable damage to no significant damage.

The 2009 AASHTO Guide Specifications for LRFD Seismic Bridge Design note that more stringent
performance requirements are appropriate for critical and essential structures. Bridges are classified by
the Owner as Critical, Essential, and Other (sometimes called Ordinary) Bridges (in descending order of
importance), depending on their function. A critical bridge is a bridge that is expected to remain open to

all traffic, including emergency vehicles, and for defense and security purposes after the design
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carthquake. Essential bridges are bridges that are expected to be useable by emergency vehicles and for
security and defense purposes after the design earthquake. Bridges that don’t fall into either the Critical
or Essential categories are designated as Other Bridges. Most bridges are classified as Other (or
Ordinary) Bridges and are designed for significant damage in the design event — the large rare earthquake

with a 1000-year return period.

The 2009 AASHTO Guide Specifications define significant damage as conditions that may require
closure to repair the bridge and/or partial or complete replacement of the structure. Figure 1-8 and Figure
1-9 provided examples of acceptable damage to bridge abutments in the 1971 San Fernando earthquake.
After the 1971 San Fernando earthquake, it was evident that many bridge abutments had been subjected
to large forces and had actually helped dissipate energy by absorbing these forces at the cost of damage to
the abutment. This type of abutment performance is now recognized as beneficial to the overall seismic
performance of the bridge. Longitudinal movement of the bridge deck beyond the point at which the
abutment wall engages the soil takes energy out of the system. While the thrust of the bridge deck on the
abutment wall may result in damage to the wall, under the AASHTO design philosophy abutment walls

may be considered sacrificial elements for seismic design of ordinary bridges.
Figure 1-3, Figure 1-4, Figure 1-7, Figure 1-10, Figure 1-11, and Figure 1-13 show unacceptable damage

to bridges in earthquakes. Figure 1-14 is another example of unacceptable damage. In this figure, the

bridge columns have failed at their connection to the foundation.

Figure 1-14 Failure of a Bridge Column — Foundation Connection
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1.5 LOAD AND RESISTANCE FACTOR DESIGN

1.5.1 Basic Principles of LRFD

AASHTO has recently moved to a new design philosophy, Load and Resistance Factor Design (LRFD)
LRFD, from the old Allowable Stress Design (ASD) approach. Ideally, LRFD provides a balanced,
reliability based design that includes consideration of the various sources of uncertainties that impact

structural performance. Equation 1-1 shows the basic LRFD design equation:

ZniYiQi SZ:(Pi R, 1-1

where:
n o= a load modifier to account for ductility, redundancy, and operational importance
of the bridge or other structure (dimensionless)
Y. = load factor; a multiplier applied to force effect i
Q = force effect i
Qo = resistance factor for resistance component i
R, = nominal value of resistance component i

In plain language, Equation 1-1 says that the sum of the factored loads must be less than or equal to the
sum of the factored resistances. Load combinations and values for load and resistance factors specified in

AASHTO are discussed below.

One complication for the geotechnical specialist is that LRFD notation uses several common soil
mechanics symbols. In standard LRFD notation, load factors are designated by the symbol y and
resistance factors are represented by the symbol ¢. In soil mechanics, we use these symbols for unit
weight and the Mohr-Coulomb friction angle, respectively. We therefore need to pay attention to the
context in which these symbols are used to know which meaning they have in the equations we are using.
An LRFD related term that will be used in this document is the capacity/demand (C/D) ratio. This is not
an AASHTO term. The C/D ratio can be calculated using factored or unfactored (nominal) values. In
accordance with Equation 1-1, the LRFD design criterion is that the (C/D)gcoreq must be equal to or
greater than 1.0:

(C/D)factored = Z(/?, Ri /anlel 1-2a
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(C/D)sactored > 1.0 1-2b

The unfactored capacity/demand ratio is analogous to the factor of safety (FS).

(C/D)unfactored = Z Ri / z Qi 1-3a

(C/D)unfactored =FS 1-3b

The unfactored C/D, like the factor of safety, must exceed 1, often times by a significant margin, for a

design to be acceptable.

1.5.2 LRFD versus ASD

There is a basic difference how uncertainties in design are accounted for between LRFD and ASD. In
the ASD approach for geotechnical design, uncertainties are generally lumped together into a single
safety factor. In the LRFD approach, load and resistance factors are used to account for varying levels of
uncertainty in the components of the load and the resistance. In LRFD we do not use terms such as
allowable capacity, allowable load, and ultimate capacity. Instead, we talk about the factored capacity,

factored load, and nominal resistance

1.5.3 AASHTO Specifications for Seismic LRFD

AASHTO specifications for seismic design of bridges using LRFD include the 2007 LRFD Bridge
Design Specifications (including the 2008 Interim Revisions) and the 2009 Guide Specifications for
LRFD Seismic Bridge Design. These two sets of specifications use two different approaches to seismic
design. The LRFD Bridge Design Specifications employ a force-based design approach while the LRFD
Seismic Bridge Design specifications employ a displacement based design approach. This document
addresses both approaches for design of foundations and earth retaining structures. Neither of these
LRFD-based specifications addresses geotechnical aspects of seismic design beyond the design of
foundations and earth retaining structures. However, NCHRP Project 12-70 (described in NCHRP Report
611) produced recommendations for LRFD seismic design of free standing retaining walls, slopes,
embankments, and buried structures. Recommendations from the NCHRP 12-70 project for seismic

design of these features are included in this document, as appropriate.
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1.5.4 AASHTO Limit States and Load and Resistance Factors

In AASHTO, LRFD design is based upon four different limit states, including the strength, serviceability,
extreme loading, and fatigue limit states. The limit state for each of the cases defines the boundary
between acceptable and unacceptable performance. Table 1-1 defines the limit states considered by

AASHTO in LRFD for bridges.

TABLE 1-1 AASHTO LIMIT STATES FOR BRIDGE DESIGN

Limit State Type Case Load Combination
I Normal vehicular use of the bridge without wind
I Use of the bridge by Owner-specified special vehicles, evaluation permit
vehicles, or both, without wind
Strength 111 Bridge exposed to wind velocity exceeding 55 mph

v Very high dead load to live load force effect ratios

A% Normal vehicular use of the bridge with wind of 55 mph

I Load combination including earthquake

Extreme Event Ice load, collision by vessels and vehicles, and certain hydraulic events
I with a reduced live load other than that which is part of the vehicular
collision load, CT

| Normal operational use of the bridge with a 55 mph wind and all loads taken at
their nominal values

11 Intended to control yielding of steel structures and slip of slip-critical
connections due to vehicular live load

ervice — - - —
S 11 Longitudinal analysis relating to tension in prestressed concrete superstructures

with the objective of crack control and to principal tension in the webs of
segmental concrete girders

v Tension in prestressed concrete columns with the objective of crack control

Repetitive gravitational vehicular live load and dynamic responses under the

Fatigue effects of a single design truck

The AASHTO specifications define the load combinations and load factors that must be considered for
each limit state. More than one load combination may be evaluated for a given limit state. In this

document, we are only concerned with the Extreme Event I limit state, earthquake loading.

Table 1-2 shows the load combinations prescribed in AASHTO for each limit state. For Extreme Event 1
limit state design (earthquake loading) there is only one load combination. Included in the load

combination for the Extreme Event 1 limit state are the permanent (dead) loads, earthquake live loads,
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water and friction loads, and the earthquake load itself. Note that we use a load factor of 1 on the

earthquake load.

TABLE 1-2 LOAD COMBINATIONS AND LOAD FACTORS FOR AASHTO LIMIT
STATES (After AASHTO 2007, Table 3.4.1-1)

Load Use one of these at a time
Combination
Limit State PL | LL | WA | WS | WL | FR TCS G | SE | EQ | IC CT | CV

Strength I Y, | 1.75 | 1.00 - - 1.00 | 0.50/1.20 | yrg | Vs - - - -
Strength 11 Y | 1.35] 1.00 - - 1.00 | 0.50/1.20 | yrg | 7YsE - - - -
Strength 111 Yo - 1.00 | 1.40 - 1.00 | 0.50/1.20 | yrg | Vs - - - -
Strength IV Y - 1.00 - - 1.00 | 0.50/1.20 | - - - - - -
Strength V Yo | 1.35] 1.00 | 0.40 | 1.00 | 1.00 | 0.50/1.20 | yrc | 7sE - - - -
Extreme Event | Y Yeo | 1.00 - - 1.00 - - - 1.00 - - -
Extreme Event II Yo | 0.50 | 1.00 - - 1.00 - - - - 1.00 | 1.00 | 1.00
Service I 1.00 | 1.00 | 1.00 | 0.30 | 1.00 | 1.00 | 1.00/1.20 | vrg | Vs - - - -
Service 11 1.00 | 1.30 | 1.00 - - 1.00 | 1.00/1.20 - - - - - -
Service 111 1.00 | 0.80 | 1.00 - - 1.00 | 1.00/1.20 | vyrg | 7sE - - - -
Service IV 1.00 - 1.00 | 0.70 - 1.00 | 1.00/1.20 - 1.00 - - - -
Fatigue - 0.75 - - - - - - - - - - -

PL permanent load WL wind on live load EQ earthquake

LL live load FR friction c ice load

WA water load and stream pressure TG temperature gradient CcT vehicular collision force
WS wind load on structure SE settlement cv vessel collision force

CS uniform temperature, creep, and shrinkage
Yo load factor for permanent loads (see Table 1-3)
Y16 load factor for temperature gradient (see AASHTO 2007 Article 3.4.1)
YSE load factor for settlement (see AASHTO 2007 Article 3.4.1)

Table 1-3 defines the permanent loads and associated load factors considered by AASHTO in LRFD.
Note that there are maximum and minimum values for each load factor, and the minimum values are less
than 1. We have maximum and minimum load factors because in some cases loads increase stability and
in other cases they decrease stability. Both maximum and minimum load combinations need to be
considered, with the more (or most) critical combination used for design, i.e. when increased load
increases stability, we use the minimum load factor for design. Furthermore, we generally use load

factors less than 1 for minimum loads.
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TABLE 1-3 AASHTO PERMANENT LOAD FACTORS

Load Factor, v,
Type of Load Maximum | Minimum

DC: Conponents and Attachments 1.25 0.90

DC: Strength IV Only 1.50 0.90

DD: Downdrag 1.25 0.35

DW: Wearing surfaces and utilities 1.50 0.65
EH: Horizontal earth pressure

Active 1.50 0.90

At-Rest 1.35 0.90

EL: Locked-in stresses 1.00 1.00

EV: Vertical earth pressure

Overall Stability 1.00 N/A

Retaining walls and abutments 1.35 1.00

Rigid buried structure 1.30 0.90

Rigid frames 1.35 0.90

Flexible buried structures other than metal box culverts 1.95 0.90

Flexible metal box culverts 1.50 0.90

ES: Earth Surcharge 1.50 0.75

The live load factor for seismic loading, Yrq, is not explicitly defined in AASHTO. In the old AASHTO
ASD specifications, a value of zero was used. The AASHTO LRFD specifications notes that some
engineers recommend using the average daily truck traffic (ADTT) load for ygq, but suggests that 0.5
ADTT is a reasonable value. A value of 0.5 ADTT for the maximum load case and 0 for the minimum
load would thus be consistent with these recommendations. However, for earthquake loads the live load

is often ignored. Another alternative is to sue the HL-93 load as ygq for the maximum load case.

At present, the AASHTO Guide Specifications for LRFD Seismic Bridge Design recommends that a
resistance factor of 1 be used for seismic design for all resistance components of foundation design except
for deep foundation axial uplift and lateral resistance., wherein a resistance factor of 0.8 is recommended
Furthermore, the recommendation in NCHRP 12-70 for the bearing resistance of retaining walls on
spread footings founded upon soil calls for a resistance factor of 0.67 to be applied to the nominal bearing
capacity. In other words, except for these cases, we should use a resistance factor of 1, reflecting use of
our best (but reasonably prudent) estimate of resistance parameters. This is described in AASHTO as an
interim recommendation until more data is available. This, however, does not mean that we are not
incorporating uncertainty into the seismic resistance parameters. Many geotechnical resistance
parameters have a reserve capacity for seismic loading that is not quantified (e.g. an increase in the shear

strength of sand subject to rapid loading).
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Table 1-4 presents the resistance factors recommended in the NHI training course on LRFD Design for
Deep Foundations. As noted previously, a resistance factor of 0.8 is recommended for axial uplift and

lateral resistance.

TABLE 1-4  RESISTANCE FACTORS FOR DEEP FOUNDTIONS

Limit State Comp.onent of Geomaterial Resistance
Resistance Factor, ¢
. . Methods cited
Ax1.al geqtechnlcal All Geomaterials for strength 0.80
uplift resistance L
Limit states
. p-y methods
Extreme Event Geptechmcal lateral All Geomaterials pushover 0.80
Iand II resistance .
analysis
Methods cited
All other cases All Geomaterials for strength 1.00
Limit states

1.6 ORGANIZATION OF THE DOCUMENT

Chapter 2 presents basic concepts of seismic geology and engineering seismology. This information is
essential background information for subsequent discussions of seismic hazard analysis and ground

motion characterization.

Chapter 3 presents the details of both probabilistic and deterministic seismic hazard analysis, including
seismic source characterization and ground motion attenuation, and the development of design ground
motions. The advantages and disadvantages of both probabilistic and deterministic seismic hazard
analysis are discussed. Development of the Uniform Hazard Spectrum for a specified probability and
exposure period using either the National Seismic Hazard maps developed by the USGS or the ground
motion maps developed by USGS specifically for AASHTO is presented. Development of the AASHTO
truncated acceleration response spectra for use in structural analysis from the Uniform Hazard Spectrum,
including the use of the shear wave velocity in the top 100 ft of the site to account for the influence of
local site conditions, is illustrated. The process of deaggregation by which a probabilistically-derived
uniform hazard spectrum is decomposed into magnitude and distance combinations in order to determine
a representative magnitude and distance for the design earthquake is described. Guidelines for selecting a

suite of representative time histories for the representative design event are presented. Special topics,
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including near field ground motions, spatially varying ground motions, and vertical ground motions, are

briefly addressed.

Chapter 4 described site characterization for seismic analysis. The use of the Standard Penetration Test
(SPT) and the Cone Penetration Test (CPT) to evaluate site stratigraphy and geotechnical properties is
explained in detail. Geophysical techniques for site investigation are also addressed. Characterization of
rock mass behavior and quantification of rock mass strength is described. Correlations between important
geotechnical properties, including relative density, shear strength, and shear wave velocity, from both in

situ test results and soil classification and index test data are presented.

In Chapter 5, the process of site specific seismic response analysis is described. Methods addressed in
this chapter include simplified chart-based methods to adjust the peak ground acceleration for local site
conditions, equivalent linear one-dimensional site response analysis, non-linear one-dimensional site
response analysis with pore pressure generation, and advanced two-dimensional site response analysis.
The development of input parameters for equivalent-linear one-dimensional site response analyses, the

most common type of advanced analysis performed in practice, are described in detail.

Chapter 6 describes earthquake-induced damage due to the geotechnical seismic hazards of slope
instability, liquefaction, and seismic settlement. Methods to evaluate seismic slope deformation,
liquefaction potential, liquefaction-induced ground displacements, and seismic settlement are described in
detail in this chapter. A method to evaluate the appropriate value of the seismic coefficient for pseudo-
static slope stability analyses that accounts for spatial incoherence of ground motions, the local seismic

environment, local site conditions, and acceptable displacement levels is presented.

Chapter 7 addresses design of earthwork features for transportation facilities, including soil and rock
slopes and embankments. A performance-based seismic design philosophy that employs the concept of
allowable displacement is described. Soil and site improvement techniques that can be used when the
seismic displacement are unacceptable are presented with an emphasis on remediation of slope stability

and liquefaction.

Chapter 8 describes the seismic design process and the AASHTO seismic design methodology, including
capacity design of bridge foundations, the concept of the earthquake resisting system for a bridge,

guidelines for what types of earthquake resisting elements are allowable and not recommended, and basic
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principles of soil-foundation-structure interaction. The principles of both kinematic and inertial

interaction are described.

Chapter 9 describes the seismic design of shallow foundations, including techniques to assess both
foundation stiffness and foundation capacity. Equations for calculating the stiffness coefficients for the
six modes of foundation displacement for use in an inertial interaction analysis are presented. Foundation

capacity analyses discussed in the chapter include bearing, overturning, and sliding.

Chapter 10 addresses deep foundation design. Both p-y/t-z analyses and simple elastic solutions to
evaluate the stiffness of an individual pile are discussed along with methods to account for group effects
and to assemble individual pile and pile cap stiffness into a group stiffness. Sophisticated methods and a
simple approximate method to account for kinematic interaction at soft soil sites are described. Analyses
to evaluate the response of pile foundations to ground displacement demand from laterally spreading

induced by liquefaction are discussed.

Chapter 11 presents methods for seismic design of free standing retaining walls. A variety of methods for
predicting seismic active earth pressures, including the Mononobe-Okabe method, design charts that
include the influence of a cohesion component to the shear strength, the Coulomb wedge method, and the
general equilibrium method, are described along with a displacement-based method for evaluating the
appropriate seismic coefficient for use in design. Charts for evaluating the passive earth pressure
coefficient, including the effect of cohesion, are also presented in this chapter. Design of gravity and
semi-gravity retaining walls for sliding, overturning, and bearing modes is discussed in detail. Earth
pressure diagrams for non-gravity cantilever walls, anchored walls, and MSE walls are described along

with recommendations for the seismic coefficient for use in design.

Chapter 12 describes bridge abutment design. The characterization of the stiffness of both conventional
seat-type and integral abutments for inclusion in the global bridge model is presented. The effect of

skewed abutments on the seismic performance of the bridge is discussed.

Chapter 13 presents design considerations for buried structures, including culverts and pipelines. Simple
closed form solutions are presented for the displacement demand on buried structures subject to seismic

loading.

FHWA-NHI-11-032 1 — Introduction
Seismic Design — Geotechnical Features 1-21 August 2011



CHAPTER 2
EARTHQUAKE FUNDAMENTALS AND ENGINEERING SEISMOLOGY

2.1 INTRODUCTION

Earthquakes are produced by abrupt relative movements on fractures or fracture zones in the earth's crust.
These fractures or fracture zones are termed earthquake faults. The mechanism of fault movement is the
sudden release of built-up stress along the fault. The primary source of this built-up stress is the
accumulated relative movement of large, essentially intact pieces of the earth's crust called tectonic
plates. This relative movement is restrained by frictional and other forces (e.g. interlocking) along the
fault, leading to a buildup of stress along the fault and strain (or strain energy) in the rocks adjacent to the
fault. When the built up stress exceeds the strength of the rock along the fault, relative movement
between the rocks on either side of the fault, commonly called fault rupture, takes place along the rupture
zone. When fault rupture occurs, the built up strain energy in the rocks on either side of the fault is
released as the strained rock rebounds elastically on both sides of the fault. This rebound produces
vibrations that pass through the earth’s crust and along the earth's surface, generating the ground motions
that are the source of most damage attributable to earthquakes. If the displacement associated with the
fault rupture propagates upward to the ground surface, the relative movement may manifest itself as
surface rupture. Surface ruptures are also a source of earthquake damage to constructed facilities. Fault
rupture may also cause secondary ground deformations and regional ground deformations (e.g. uplift or
subsidence) that can be damaging to engineered facilities. Volcanism constitutes a secondary source of
stress and strain energy accumulation in the earth’s crust. The release of the strain energy associated with

volcanism may also result in damaging earthquake ground motions.

2.2 EARTHQUAKE SOURCES

2.2.1 General

Faults are ubiquitous in the earth's crust. They exist both at the contacts between tectonic plates (large
intact pieces of the earth’s crust that tend to move as a coherent unit) and within the tectonic plates
themselves. In some areas of the western United States, it is practically impossible to perform a site
investigation and not encounter a fault. However, not all faults are seismogenic (i.e., not all faults are
capable of producing earthquakes at the present time). Faults that are known to be capable of producing
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carthquakes are termed active faults. Faults for which the potential for producing earthquakes is uncertain
are termed potentially active faults. Faults that at one time produced earthquakes but are now considered
dormant are sometimes referred to as inactive faults. However, the term inactive fault is no longer in
widespread use, as dormant faults can be reactivated under some circumstances. Thus faults that are

considered to be dormant may also be considered potentially active.

When a fault is encountered in an area known or suspected to be a source of earthquakes, a careful
analysis and understanding of the fault is needed to evaluate its potential for generating earthquakes. One
of the most common means of investigating the potential for a fault to produce earthquakes is through the
study of surface manifestations of faulting. However, not all active faults have surface manifestations. In
some cases, faults may be too deep to produce obvious surface manifestations. In other cases, the
carthquakes generated by a fault may occur so infrequently, or surface geologic processes may be so
rapid, that surface manifestations of the faulting have been erased. Careful study of geomorphic and
seismologic information by qualified geo-professionals is required to identify the earthquake faults (or

seismogenic sources) capable of damaging engineered facilities in a region.

2.2.2 Plate Tectonics

Plate tectonics theory has established beyond a reasonable doubt that the earth's crust is a mosaic of
tectonic plates. These tectonic plates are composed of either oceanic or continental crust and “float” on
top of a molten rock layer referred to as the upper mantle. Tectonic plates move as relatively intact
bodies on top of the upper mantle except at their margins, where they may grow due to upwelling of
molten rock from the mantle or be consumed by crust being drawn down, or subducted, into the mantle.
The motions of the tectonic plates are driven by convection currents in the molten rock in the earth's
upper mantle, which cause the upwelling of molten rock at the plate margins where the crust is growing.
These convection currents are generated by heat sources within the earth (e.g. radioactive decay). The
zones where tectonic plates grow in size, i.e. where the convection currents send plumes of material from
the upper mantle to the earth's surface, are referred to spreading zones. The zones where tectonic plates
are consumed, i.e. are drawn downwards back into the mantle, are referred to as subduction zones.
Tectonic plates may also override one another and slide past each other. Plate boundaries where two

tectonic plates slide past each other are referred to as transform boundaries.
The major tectonic plates of the earth's crust are shown in Figure 2-1. There are also numerous smaller,
minor tectonic plates not shown in this figure. The motions of these plates are related to the activation of
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faults, the generation of earthquakes, and the presence of volcanism. Most earthquakes occur on or near
plate boundaries, as illustrated in Figure 2-2. Earthquakes also occur in the interior of the plates, although
generally with a much lower frequency of occurrence than at plate boundaries. For the continental United
States, the principal tectonic plate boundary is along the western coast of the continent, where the North
American Plate and the Pacific Plate are in contact (see Figure 2-1). In California, the boundary between
these plates is a transform boundary wherein the relative movement is generally (though not exclusively)

one of lateral (horizontal) slippage of one plate past the other.

In Washington and Oregon, a smaller plate, the Juan de Fuca plate, is interposed between the North
American and Pacific plates. The boundary between the North American plate and the Juan de Fuca plate
is a subduction zone, as is the boundary between the North American plate and the Pacific plate along the
Aleutian Islands in Alaska. Subduction zones, wherein one plate dives (subducts) beneath the other plate
(as illustrated in Figure 2-3), are considered capable of very large magnitude earthquakes. Furthermore,
volcanic activity is generally also associated with subduction, as magma generated by the subducting

plate rises to the earth’s surface in a zone above the subducting plate (as illustrated in Figure 2-3).

Figure 2-1 Major Tectonic Plates and Their Approximate Direction of Movement (Source:
WWW.Mmaps.com)
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Figure 2-2 Worldwide Seismic Activity and Plate Boundaries (U.C. Berkeley Museum of
Paleontology (www.ucmp.berkeley.edu/)

sea level

Figure 2-3 Cross-Section Through a Subduction Zone. (Source: www.platetectonics.com)

In the western interior of the United States, adjacent to the western edge of the North American plate (e.g.
in Montana, Utah, Nevada), stresses induced by the complex movements of the North American plate
(i.e., spreading, translating, and rotating on the surface of the earth) may also result in normal

(extensional) and thrust (compressional) faulting as well as transform faulting.
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Earthquake source areas in the central and eastern United States are termed intraplate source zones, as
they lie in the interior of a tectonic plate (the North American plate). The mechanisms generating
earthquakes in intraplate source zones are poorly understood. Potential mechanisms for intraplate
earthquakes include relief of locked-in stresses from ancient tectonic movements, crustal rebound from
the ice ages, and re-adjustment of stress in the interior of the plate due to loads imposed at plate
boundaries. Earthquakes associated with intraplate volcanism, e.g. earthquakes in Hawaii, are believed to
be associated with isolated plumes of molten rock rising to the surface from the mantle. These isolated

plumes of molten rock are sometimes referred to as hot spots.

The intensity of the ground motions produced by an earthquake at a given site depends upon a variety of
factors. Primary factors influencing earthquake ground motion intensity include the amount of strain
energy released by the event (generally quantified as earthquake magnitude), the distance from the
carthquake to the site in question, the depth of the earthquake, the geologic conditions between the
earthquake fault and the site, and local ground conditions (e.g. topography and local soil conditions,
including soil profile and soil properties). Due to significant differences in geologic conditions between
the source and the site, the intensity of the ground motions from an earthquake of a given magnitude and
distance may be greater in plate interiors (i.e. an intraplate event) than at active plate boundaries.
Therefore, while earthquake activity is much greater along the plate boundaries than in the plate interior,
intraplate events appear to impact a larger area than plate boundary events of the same magnitude because
the intensity of ground motions (e.g. peak ground acceleration) from intraplate earthquakes appears to

attenuate, or dissipate, much more slowly than from plate boundary events.

The depth at which fault rupture occurs is also an important factor influencing the intensity of ground
motions at a site. This is particularly true for sites close to the surface projection of a fault rupture, where
the depth of the rupture can contribute significantly to the distance the earthquake waves have to travel
before arriving at the site. In a subduction zone, such as that along the coast of Oregon and Washington,
there are both faults that are shallow and located within the over-riding crust (fault depth <12 miles),
referred to as shallow crustal faults, and faults that are deep within the subducting plate (fault depth >12
miles). Intraplate faults in the plate interior may also vary from shallow to deep and may be covered by a
thick mantle of sediments. However, faults along transform boundaries such as along the California coast
line, where the plates slide laterally past each other are generally relatively shallow (< 12 miles depth)

crustal faults.
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2.2.3 Fault Movements

Faults are created when the built up stresses within geologic materials exceed the ability of those
materials to withstand the stresses. Most faults that exist today are the result of tectonic activity that
occurred in earlier geological times. These faults are usually non-seismogenic (i.e. incapable of
generating earthquakes, or inactive). However, faults related to past tectonism may be reactivated by
present-day tectonism in seismically active areas and can also be activated by anthropogenic (man-made)
activities such as impoundment of a reservoir by a dam or injection of fluids deep into the subsurface (e.g.
for geothermal energy development). The maximum size of an earthquake on an anthropogenically
reactivated fault is a subject of some controversy, but earthquakes as large as moment magnitude 6.5 have

been attributed to reservoir impoundment.

Not all faults along which relative movement is occurring are a source of damaging earthquakes. Some
faults may be surfaces along which relative movement is occurring at a slow, relatively continuous rate,
with an insufficient stress drop to cause a damaging earthquake. Such movement is called fault creep.
Fault creep may occur along a shallow fault, where the low overburden stress on the fault results in a
relatively low threshold stress for initiating displacement along the fault. Alternatively, a creeping fault
may be at depth in soft and/or ductile materials that deform plastically. Also, there may be a lack of
frictional resistance or asperities (non-uniformities) along the fault plane, allowing steady creep and the
associated relatively slow release of the strain energy along the fault. Fault creep may also prevail where
phenomena such as magma intrusion or growing salt domes activate small shallow faults in soft
sediments. Faults generated by extraction of fluids (e.g., oil or water in southern California) may cause
ground settlement and activate faults near the surface, resulting in fault creep. Faults activated by other
non-tectonic mechanisms, e.g. faults generated by gravity slides that take place in thick, unconsolidated

sediments, could also produce fault creep.

Active faults that extend into crystalline bedrock are generally capable of building up the strain energy
needed to produce, upon rupture, strong ground motions, i.e. ground motions strong enough to damage
transportation facilities. Fault ruptures in crystalline rock may also propagate from the crystalline
bedrock to the ground surface and produce ground rupture. Fault ruptures which propagate to the surface

in a relatively narrow zone of deformation that can be traced back to the causative fault in crystalline rock
are sometimes referred to as primary fault ruptures. Fault ruptures may also propagate to the surface in
diffuse, distributed zones of deformation which cannot be traced directly back to the basement rock. In

this case, the surface deformation may be referred to as secondary fault rupture.
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In some instances, fault rupture may be confined to the subsurface with no relative displacement at the
ground surface due to the fault movement. Absence of primary fault rupture at the ground surface is
believed to be characteristic of all but the largest magnitude earthquakes in the central and eastern United
States. Furthermore, geological processes may erase surface manifestations of faulting in some areas,
particularly when the interval between earthquakes with surface manifestations is large. Therefore,
intraplate seismic source zones often must be evaluated using instrumental seismicity and paleoseismicity
studies. This is particularly true if the intraplate sources are covered by a thick mantle of sediments, as in
the New Madrid, Tennessee, and Charleston, South Carolina, intraplate seismic zones. Instrumental
recording of small magnitude events can be particularly effective in defining seismic source zones.
Figure 2-4 shows seismic zones in the southeastern US identified using both instrumental seismicity for

events as small as magnitude 3 and historical records of larger (> M 5) events.

Figure 2-4 Southeastern US Seismic Zones and Instrumental Seismicity

Essentially all of the active faults with surface fault traces (i.e. where fault rupture propagates to the
ground surface) in the United States are shallow crustal faults west of the Rocky Mountains. However,
not all shallow crustal faults west of the Rocky Mountains have surface fault traces. Several recent

significant earthquakes along the Pacific Coast plate boundary (e.g., the 1987 Whittier Narrows
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carthquake, the 1994 Northridge earthquake, and the 2001 Nisqually earthquake) were due to rupture of
thrust (compressional) faults that did not break the ground surface. Thrust faults that do not break the
ground surface are termed blind thrust faults. Figure 2-5 illustrates a blind thrust fault in which rupture

does not propagate to the ground surface.

Figure 2-5 Blind Thrust Faulting (www.earthsci.org)

Strong shaking associated with fault rupture may also generate ground deformations such as ridge-top
shattering, landslides, graben structures (depressions behind large landslide masses), and liquefaction-
induced lateral spreads. These types of secondary ground breakage are not considered surface

manifestations of the fault.

2.2.4 Fault Activity

Identifying faults capable of producing damaging ground motions at a project site and assessing the
potential size (magnitude) and frequency of occurrence (recurrence) of earthquakes on those faults is part
of a process referred to as a seismic hazard assessment. Whether or not a fault has the potential to
produce earthquakes is generally categorized by the recency of previous fault movements. Considering
the slow rate at which geologic processes evolve, if a fault has undergone relative displacement in
relatively recent geologic time (within the time frame of the current tectonic setting), it is reasonable to
assume that this fault has the potential to move again. If a fault has propagated up to the ground surface
in recent geologic time, evidence of faulting is usually found in geomorphic features associated with fault

rupture (e.g., relative displacement of geologically young sediments). Age dating of the last sediment
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layer to be displaced by the fault and the first layer not displaced by the fault can be used to bound when
the fault last moved. For faults that do not propagate all the way to the ground surface, geomorphic
evidence of previous earthquakes may be more subdued and more difficult to evaluate (e.g., near surface
folding in sediments or evidence of liquefaction or slumping generated by the earthquakes). Faults that
have moved in Holocene time (the current geologic epoch, generally the past 11,000 years) are considered
active. However, faults that have not moved in Holocene time or for which there is no evidence of
Holocene movement but are located in a tectonic stress regime capable of generating earthquakes may
still be considered potentially active and incorporated into a seismic hazard assessment. If a fault has
moved in the distant geologic past but there is no evidence of movement in the current tectonic stress
regime (i.e. under the current configuration of the earth’s tectonic plates), it will generally not be included
in a seismic hazard assessment unless there is concern that anthropogenic activities, e.g. reservoir

impoundment, may trigger fault movement.

Geomorphic evidence of fault movement cannot always be dated. In practice, if a fault displaces the base
of unconsolidated alluvium, glacial deposits, or surficial soils, then the fault is generally considered to be
active. Also, if there is microseismic activity (i.e. small magnitude earthquakes identified using sensitive
instruments) associated with the fault, the fault is typically judged as active. Microseismic activity is
particularly useful in identifying seismic sources with little to no surface manifestation (e.g. blind thrust
faults, intraplate faults and other faults at great depth, faults with long recurrence intervals). However,
shallow microseismic events (i.e. earthquakes of magnitude 3 or less) may sometimes be associated with
blasting for mining or other non-seismogenic mechanisms. If there is no geomorphic evidence of seismic
activity and there is no microseismic activity in the area, then faults in the area are unlikely to be capable

of generating damaging earthquakes.

Faults are generally of finite length and are subject to certain frictional and geometric constraints that
cause them to move only after certain threshold levels of accumulated stress (or built up strain) are
achieved. Thus, a fault may tend to produce earthquakes within a range of magnitudes that are
characteristic for that particular fault. The maximum potential size of an earthquake on an active or
potentially active fault is generally related to the size of the fault (i.e., a small fault produces small
earthquakes and a large fault produces large earthquakes). Fault length is the primary (though not the
sole) measure of fault size; fault plane surface area is also sometimes used. The average annual
displacement along a fault, termed the slip rate, is also a measure of the maximum potential size
earthquake a fault is capable of generating. Field evidence shows that faults that have a larger slip rate
are generally associated with larger magnitude earthquakes. A long fault, like the San Andreas Fault in

California or the Wasatch Fault in Utah, will generally not rupture along its entire length in any one
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carthquake. Such faults typically move in portions (or segments), one segment at a time, although
sometimes multiple fault segments will rupture simultaneously or sequentially. Earthquake hazard
scenarios typically consider the possibility of both individual segments rupturing separately and multiple
segments rupturing simultaneously or sequentially (and generating a larger magnitude event). An
immobile (or "locked") fault segment, i.e. a fault segment which has remained stationary while the
adjacent segments of the fault have moved, is a strong candidate for the next episode of movement (i.e.
the next damaging earthquake) along a given fault. The lengths of fault segments may be interpreted from
geomorphic evidence of prior movements or from fault geometry and kinematic constraints (e.g.,

segments may be defined by abrupt changes in the orientation of the fault).

Short, disconnected surface fault traces aligned in a generally parallel manner in sediments at the ground
surface may well be continuous at depth, with their surface expression modified by the near surface
geologic structure. Thus, the observed length of a group of such fault traces at the ground surface is often
shorter than the true length of the causative fault. However, these fault traces may also move in distinct
segments. The true length of the fault associated with a group of short surface fault traces may be
identified by the continuity of the geomorphic evidence (e.g. by consistency in the age of the displaced

features along the fault).

A variety of correlations between the size of an earthquake (usually expressed in terms of earthquake
magnitude, using various definitions of magnitude), the length or area of a fault plane, and the amount of
displacement along the fault are available (e.g. Bonilla, et al, 1984; de Polo and Slemmons, 1990).
However, evaluation of fault segmentation and magnitude potential is a complex task that is best left to
qualified geologists and seismologists and should not be attempted by engineers who do not have

expertise in this area.

Finally, even in the best of circumstances, with a thorough understanding of local geology,
geomorphology, and seismicity, one cannot assume that all active faults in a region have been identified.
Engineering evaluations should be made in such a way that the potential for earthquakes from unknown
faults is considered. For this purpose, floating or random earthquakes of a characteristic size (magnitude)
and recurrence rate determined based upon regional geology and seismology are often included in an
engineering assessment of seismic hazard. These random earthquakes are assumed to occur anywhere

within a defined earthquake zone. Chapter 3 will have more discussions on this subject.
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2.3 SEISMIC WAVES

The elastic rebound of the rock along both sides of a fault that ruptures generates seismic waves that
radiate away from the fault. These seismic waves are the source of the ground shaking that is
characteristic of earthquakes. In general, these waves can be separated into two broad categories: body
waves that travel (propagate) through the interior of the earth and surface waves that travel (propagate)
along the earth’s surface. Body waves can be further divided into compressional (pressure) waves, or P-
waves, and shear waves, or S-waves. In a P-wave, particle motion is in the same direction as wave
propagation while in S-waves particle motion is orthogonal (perpendicular) to the direction of wave
propagation. Shear waves can be sub-divided into SV-waves, or shear waves in which the direction of
particle motion is in a vertical plane, and SH-wave, or shear waves in which the direction of particle
motion is in a horizontal plane. Figure 2-6 illustrates the direction of particle motion relative to the

direction of wave propagation for horizontally propagating P-waves and SV-waves.

Figure 2-6 Deformations Produced by Body Waves: (a) P-waves; (b) SV-Waves (Source:
Earthquakes, by Bolt, W.H. Freeman and Company, 1993)

Surface waves are generated when body waves interact with a free surface, e.g. the ground surface.
Because surface waves attenuate (decay) at a slower rate than body waves, ground motions due to surface
waves may predominate over body waves at longer distances from the earthquake source. Rayleigh

waves are the predominant form of surface wave generated in earthquakes. Rayleigh waves are generated
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by the interaction of P-waves and SV-waves with the ground surface. Particle movement during Rayleigh
wave propagation tends to follow a retrograde orbital path similar to that in a water wave, as illustrated in
Figure 2-7. Another type of surface wave is a Love wave. Love waves are generated when SH-waves are
trapped in a soft surficial layer. Neither Love waves nor Rayleigh waves are generally considered

explicitly in a seismic hazard analysis.

Figure 2-7 Deformations Produced by Rayleigh Waves (Source: Earthquakes, by Bolt, W.H.
Freeman and Company, 1993)

The propagation velocity of seismic waves depends upon the stiffness of the medium through which they
are propagating. Because the bulk (compressional) stiffness of geologic media is greater than the shear
stiffness, P-waves travel faster than S-waves (and surface waves) and thus are generally the first
earthquake waves to arrive at a site. The P-wave velocity of saturated sediments (particularly in loose or
soft ground) tends to be governed by the compressibility of water. Thus, it is hard to distinguish among
the characteristics of saturated sediments based upon P-wave velocity. However, because water has
essentially no shear stiffness, S-wave velocity in sediments is governed by the shear stiffness of the soil
skeleton. Thus, S-wave velocity can be used as an indicator of soil characteristics such as stiffness and

density.

2.4 STRONG MOTION RECORDS (TIME HISTORIES)

Earthquake ground motions that are capable of damaging engineered structures are generally referred to
as strong ground motions. A record of strong ground motion versus time (a strong ground motion time
history) is called a strong motion record. Strong motion records are captured in an earthquake by a
strong motion instrument (as opposed to a seismometer, which is used to capture weak motions from
small or distant earthquakes). Strong motion records can also be generated analytically (numerically) by
simulation. Strong motion instruments used to capture time histories of ground acceleration, the most
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common type of strong motion record, are sometimes called strong motion accelerometers.

Acceleration time histories can be integrated to yield time histories of ground velocity and displacement.
Figure 2-8 shows the recorded time history of acceleration and calculated time histories of velocity and
displacement for one horizontal component of ground motion at the ground surface during the 1989 Loma
Prieta earthquake. The time history of ground motions in three orthogonal directions is required to

completely describe the time history of ground motion at a point.
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Figure 2-8 Acceleration, Velocity, and Displacement Strong Ground Motion Time Histories
(FHWA, 1998)

The acceleration time history, sometimes referred to as an accelerogram, is the form of strong ground
motion record used most often in engineering practice. However, velocity and displacement time
histories also have their uses in engineering practice. The processing of recorded time histories of

acceleration to correct for instrument bias and other sources of error is a complicated process. However,
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catalogs of numerous (thousands) of processed (corrected) time histories are available on line from a
variety of different sources. Reputable sources for corrected strong motion records include the Pacific
Earthquake Engineering Research Center (PEER), the National Geophysical Data Center (NGDC), and
the Multi-Disciplinary Center for Earthquake Engineering Research (MCEER).

2.5 PARAMETERS DESCRIBING EARTHQUAKE SIZE AND LOCATION

2.5.1 Earthquake Magnitude

In practice, the size of an earthquake is quantified by the earthquake magnitude, M, a measure of the
energy released by an earthquake. A variety of different earthquake magnitude scales exist. The
differences among these scales are attributable to the earthquake characteristics used to quantify the
energy content. Characteristics used to quantify earthquake energy content include the local intensity of
ground motions, the amplitude of the body waves generated by the earthquake, and the amplitude of the
surface waves generated by the earthquake. The first earthquake magnitude scale, and the magnitude
scale most commonly referred to (often incorrectly) in media reports and non-technical publications, is
the Richter magnitude scale. Richter magnitude is sometimes also referred to as the local magnitude as it
is based upon the local intensity of the ground motion. Richter magnitude is often designated by the
symbol M, (for local magnitude). In the eastern United States, earthquake magnitude was often measured
historically as a short period body wave magnitude, m,. However, the long period body wave magnitude,
mp, was also sometimes used in the central and eastern United States. In California, earthquake
magnitude was historically measured as either My or as surface wave magnitude, M. The Japan

Meteorological Agency Magnitude (Mjy4) scale was commonly used in Japan.

Due to the limited strength of near surface geologic materials, the historical magnitude scales cited above
tend to reach an asymptotic upper limit (a phenomenon referred to as saturation). To compensate for this
phenomenon and provide a consistent and logical basis for quantifying the size of earthquakes, the
moment magnitude, M,,, was defined by Hanks and Kanamori (1979). The moment magnitude of an
earthquake is a direct measure of the kinetic energy released by the earthquake. M,, is proportional to the
seismic moment, defined as a product of the material rigidity (i.e. the elastic modulus of the fault), the
fault rupture area, and the average dislocation (relative displacement, or s/ip) across the rupture surface.
Moment magnitude has been adopted by most of the earthquake engineering community as a unifying,
consistent magnitude measure of earthquake energy content. For this reason, moment magnitude is used
in this document to describe earthquake magnitude unless it is otherwise noted. Figure 2-9 (Heaton, et
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al., 1986) provides a comparison of the various other magnitude scales with the moment magnitude scale.
Note that in the magnitude range of 3 to 6, moment magnitude M,, is approximately equal to the local
(Richter) magnitude M;, while in the magnitude range of 6 to 7.5, moment magnitude M, is

approximately equal to the surface wave magnitude M;.
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Figure 2-9 Comparison of Earthquake Magnitude Scales (Heaton, et al., 1986)

2.5.2 Earthquake Location

The location (or origin) of an earthquake is generally described by either the hypocenter or epicenter. The
hypocenter (focus) of an earthquake is the point from which the seismic waves first emanate.
Conceptually, it may be considered as the point on a fault plane where the slip responsible for the
earthquake was initiated. The epicenter is the point on the ground surface directly above the hypocenter.
The zone of energy release may also be used to describe the location of an earthquake. The zone of
energy release, sometimes referred to as the zone of seismogenic rupture, is the area on the fault plane
from which the seismic waves that generate strong ground motions emanate. The zone of energy release
is typically assumed to be the portion of the fault rupture zone that is within crystalline rock. Therefore,

even if the fault plane ruptures to the ground surface, the zone of energy release may not extend to the
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ground surface. Figure 2-10 shows the relationship between the hypocenter, epicenter, fault plane, and
rupture zone of an earthquake. Figure 2-10 also illustrates the definitions of the strike and dip of the fault
plane. The strike is the map orientation (in plan) of a horizontal line on the fault plane, e.g. N30°W. The

dip is the inclination from the horizontal of a line on the fault plane that is perpendicular to the strike.

GROUND SURFACE

URFACE RUFTURE

FAULT TRACE S

FAULT PLANE

Figure 2-10 Basic Fault Geometry and Definition (after FHWA, 1998)

The distance between the site of engineering interest and the location of the earthquake, generically
referred to as the site-to-source distance, is used in engineering analyses to estimate the intensity of
earthquake ground motions at the site if interest. The site-to-source distance depends upon the measure
used to describe the earthquake location. Figure 2-11 illustrates graphically the definitions of various site-
to-source distances commonly used to estimate the intensity of earthquake-induced ground motions in
engineering analyses. In the eastern United States, epicentral distance, Rg, is commonly used. In the
western United States, the rupture distance, Ry, the seismogenic distance, Rg, the hypocentral distance,
Ry, and, the so-called Joyner and Boore distance, R;g, are commonly used. Different definitions can
result in significant differences in site-to-source distance, particularly for sites close to the earthquake
origin. For instance, if the site is located within the vertical projection of the fault plane, then R;g is equal
to zero. However, the hypocentral distance to the site can be 10 kilometers or more if the earthquake
originated at depth. Due to the variety of site-to-source distance definitions used in practice, care must be
taken to ensure that the correct site-to-source distance is used in any engineering analysis. The site-to-
source distance used in an analysis must be consistent with the site-to-source distance employed in

developing the analytical method or equation.
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Figure 2-11 Various Site-to-Source Distance Measures Used in Earthquake Engineering

2.5.3 Earthquake Recurrence

The rate at which a specific earthquake source (e.g. a fault) generates earthquakes is referred to as the
recurrence rate. The recurrence rate is usually described in terms of the number of events per year equal
to or exceeding a specified magnitude. For magnitudes of engineering significance, the average number
of earthquakes generated each year from a specific source is generally less than one and thus the
recurrence rate (expressed in the number of events per year) will be less than 1.0. The reciprocal of the
recurrence rate is sometimes referred to as the recurrence interval, and describes the average number of
years between events equal to or greater than the specified magnitude. Recurrence rate and recurrence
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interval are also sometimes used to describe the rate of occurrence of ground motion parameters such as
the peak ground acceleration. However, the annual probability of exceedance and the return period are
the terms more properly used to describe the frequency of occurrence of ground motions at a site.
Recurrence rate depends upon earthquake magnitude. The relationship between recurrence rate and
earthquake magnitude is referred to the recurrence relationship. The most common type of recurrence
relationship is an exponential model in which a plot of the logarithm of the recurrence rate versus
earthquake magnitude forms a straight line. This is the basis for the well-known Gutenberg-Richter
recurrence model. To account for the fact that the magnitude of earthquake that can be generated by a
specific fault is limited by the size of the fault, Gutenberg-Richter (or exponential) recurrence models
used in practice are often truncated at the maximum magnitude for the fault (established based upon

geological considerations), as illustrated in Figure 2-12.

Figure 2-12 Truncated Gutenberg Richter and Characteristic Magnitude-Recurrence Models
(Young and Coopersmith, 1985)
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Another common earthquake recurrence relationship is a characteristic earthquake recurrence model. The
characteristic model is used when geologic evidence indicates that the magnitude of earthquake generated
by a fault falls within a relatively narrow range (typically within a band of 0.5 on the magnitude scale), as
illustrated in Figure 2-12. In a characteristic recurrence model, the earthquake magnitude is typically
uniformly distributed across this range and is assigned a recurrence rate, or recurrence rate distribution,
based upon geologic evidence. The characteristic recurrence model was developed because in some areas
geologic evidence suggests that the exponential model under-predicts the frequency of large magnitude
earthquakes, as illustrated in Figure 2-12. Seismic hazard analyses often use a combination of
exponential and characteristic recurrence models, calculating results using each model separately and then
combining the results as a weighted average based upon the relative confidence in each model. In some
cases, a combined recurrence model that employs an exponential relationship for small magnitude

earthquakes and a characteristic relationship at larger magnitudes has been employed.

2.6 PARAMETERS DESCRIBING FAULTING

Faults may be broadly classified according to their mode, or style, of relative movement. The principal

modes of relative displacement along a fault are illustrated in Figure 2-13 and are described below.

Strike Slip Faults: Faults along which relative movement is essentially horizontal (i.e., parallel to the
strike of the fault) are called strike slip faults. Strike slip faults are often expressed as essentially linear
(or planar) features in the landscape. Strike slip faults that are not fairly linear may produce complex
surface features. The San Andreas Fault in California is a strike slip fault that is essentially a north-south
linear feature over most of its length. However, the “Big Bend” in the San Andreas Fault just north of
Los Angles produces thrusting (compression) that results in mountain building. Strike slip faults may
sometimes be aligned as individual sub-parallel segments along a linear trend. This type of strike slip
faulting is sometimes accompanied by step over zones, i.e. zones where the ends of the individual fault
segments overlap along the linear trend but are separated laterally (perpendicularly to the linear trend) by

tens to hundreds of feet. Ground rupture patterns within these zones may be particularly complex.

FHWA-NHI-11-032 2 - Earthquake Fundamentals
Seismic Design — Geotechnical Features 2-19 August 2011



Figure 2-13 Types of Fault Movement (FHWA, 1998)

Dip Slip Faults: Faults in which the deformation is perpendicular to the strike of the fault may occur due
to either normal (extensional) or reverse (compressional) motion. These faults are sometimes referred to
as dip slip faults. Reverse (compressional) faults are also referred to as thrust faults. Dip slip faults may
produce multiple fractures within rather wide and irregular fault zones. Some dip slip faults, e.g. blind
thrust faults, may produce broad deformational features such as pressure ridges and sags rather than

clearly defined fault scarps or shear zones (Hart, 1980).
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Other Special Cases: Faults that show both strike slip and dip slip displacement may be referred to as
oblique slip faults. In some cases, due to changes in fault alignment, the type of a given fault may be
mixed. A good example of this is in the vicinity of the so-called "big-bend" in the alignment of the San
Andreas Fault in California, where the fault, generally north-south trending, bends into a generally east-
west alignment. In the vicinity of the big-bend, the generally strike slip lateral movement along the plate
boundary is transferred into thrusting and compression, generating deformation perpendicular to the east-

west trending fault plane.

2.7 PARAMETERS DESCRIBING GROUND SHAKING

2.7.1 Intensity

Intensity refers to the local strength and of earthquake ground motions. There are several earthquake
intensity measures commonly used to describe qualitatively the strength of earthquake shaking at a site.
These qualitative intensity measures are generally based upon verbal descriptions of the earthquake
effects, including how humans and animals react to the shaking, observations of damage to structures and
their contents, and other earthquake-related phenomenon such as ground cracking and sloshing of water
in lakes and ponds. Qualitative intensity measures are particularly useful in studying historic earthquakes
for which there are no instrumentally recorded ground motions, as they provide the sole basis for
estimating the magnitude of such events. However, to be reliable, qualitative intensity information must
be collected over a broad geographic area in order to average out local site effects, i.e. in order to discount

local increases or decreases in intensity due to topography or local soil conditions.

The most commonly used qualitative intensity scale in the United States is the Modified Mercali Intensity
(MMI) scale. The MMI scale is a twelve point Roman numeral scale that varies from MMI I,
representing an earthquake that is not felt except by a few people in favorable circumstances to MMI XII,
representing an earthquake where damage is total, practically all engineered facilities are damaged or

destroyed. Table 2-1 presents the MMI scale.
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TABLE 2-1 MODIFIED MERCALI INTENSITY SCALE

(Source: http://earthquake.usgs.gov/learning/topics/mercalli.php)

I. Not felt except by a very few under especially favorable conditions.
I1. Felt only by a few persons at rest, especially on upper floors of buildings.

III. Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do not
recognize it as an earthquake. Standing motor cars may rock slightly. Vibrations similar to the passing of

a truck. Duration estimated.

IV. Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes, windows,
doors disturbed; walls make cracking sound. Sensation like heavy truck striking building. Standing motor

cars rocked noticeably.

V. Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable objects overturned.

Pendulum clocks may stop.

VL. Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen plaster. Damage

slight.

VII. Damage negligible in buildings of good design and construction; slight to moderate in well-built
ordinary structures; considerable damage in poorly built or badly designed structures; some chimneys

broken.

VIII. Damage slight in specially designed structures; considerable damage in ordinary substantial
buildings with partial collapse. Damage great in poorly built structures. Fall of chimneys, factory stacks,

columns, monuments, walls. Heavy furniture overturned.

IX. Damage considerable in specially designed structures; well-designed frame structures thrown out of

plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off foundations.

X. Some well-built wooden structures destroyed; most masonry and frame structures destroyed with

foundations. Rails bent.
XI. Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent greatly.

XII. Damage total. Lines of sight and level are distorted. Objects thrown into the air.
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2.7.2 Peak Ground Motions

The intensity of earthquake-induced ground motion, i.e. the strength of the ground motions at a given site,
is often described quantitatively by the peak value of the acceleration time history, the peak ground
acceleration (PGA). Peak ground velocity (PGV) and/or peak ground displacement (PGD) are also
sometimes used as quantitative indices of earthquake damage potential. Peak ground motions are
generally specified for the motions in the horizontal plane, as the horizontal ground motions generated by
an earthquake tend to be the motions that cause the greatest damage. Figure 2-8 illustrates the
acceleration, velocity, and displacement time histories from the horizontal component of an earthquake.
The corresponding peak horizontal ground acceleration (PHGA), peak horizontal ground velocity
(PHGV), and peak horizontal ground displacement (PHGD) values are indicated on Figure 2-8 by solid
dots.

2.7.3 Energy Content

The energy content of the acceleration time history provides another means of characterizing
quantitatively the intensity of strong ground motions. The energy content of a strong ground motion
record is proportional to the square of the acceleration. In engineering practice, the energy content of the
motion is typically expressed in terms of either the root-mean-square and duration of the acceleration
time history or the Arias intensity, 1. The Arias intensity, 15, is proportional to the square of the

acceleration integrated over the entire acceleration time history:

T bt 2
I, == |[a(t)]"dt 2-1
e !

where a(t) is the time history of acceleration (the accelerogram), g is the acceleration of gravity and t; is
the duration of strong shaking. Arias (1969) showed that this integral is a measure of the total energy of

the accelerogram.

The root-mean-square of the acceleration time history, or RMSA, is the square root of the square of the

acceleration integrated over the duration of the motion and divided by the duration:

RMSA = lj[a(t)] dt 22
t
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where a(t) is the acceleration time history, and t; is the duration of strong ground shaking. The RMSA
represents an average value of acceleration over the duration of strong shaking. The square of the RMSA
multiplied by the duration of the motion is directly proportional to the energy content of the motion, i.e.

Arias intensity is related to the RMSA as follows:
T 2
In=—(RMSA) x 23
2g

The value of the Arias Intensity is independent of the duration of strong shaking, while RMSA depends
upon the definition of the strong shaking duration. However, as the energy content of the motion is fixed,
the product of the RMSA and the squared duration will remain constant, as suggested by Equation 2-3.
The definition of the duration of strong shaking for an acceleration time history can be somewhat
arbitrary (as discussed subsequently), as relatively low intensity motions may persist for a long time
towards the end of a strong motion record. If the defined duration of strong motion is increased to include
these low intensity motions, the Arias intensity will remain essentially constant but the RMSA will
decrease. Therefore, some investigators prefer Arias intensity to RMSA as a measure of energy content,
as the Arias intensity is essentially a fixed value while the RMSA depends upon the definition of the

duration of strong ground motion.

Arias intensity and/or RMSA and duration are useful parameters in selecting time histories for
geotechnical analysis. This is particularly true if a seismic deformation analysis is to be performed, as the
deformation potential of a strong motion record is related to the energy content, which can be expressed

as a function of either Arias intensity or the product of the RMSA and duration of the record.

2.7.4 Duration

The duration of shaking is an important factor in determining the damage potential of strong ground
motions. While duration is often neglected or treated indirectly in some common methods for evaluating
the dynamic response of structures (e.g. response spectra analysis using modal superposition), duration is
accounted for either explicitly (e.g. in analyses that use acceleration time histories as input) or implicitly

based upon magnitude or peak ground velocity (e.g. in geotechnical problems such as liquefaction and
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slope stability analyses). Duration is an important parameter in selecting representative time histories for
use in advanced time and frequency domain structural and geotechnical analyses. Common definitions of
strong ground motion duration include the bracketed duration and the significant duration. The bracketed
duration of strong motion, Dy, as defined by Bolt (1973), is the elapsed time between the first and last
acceleration excursion of the acceleration time history greater than a specified threshold level. Figure 2-
14 illustrates calculation of bracketed duration for the Saratoga - Aloha Avenue accelerogram from the
1989 M,, 6.9 Loma Prieta earthquake (the acceleration time history used in Figure 2-8) for a threshold

acceleration of 0.05 g.

Figure 2-14 Bracketed Duration of Strong Shaking

While the bracketed duration is intuitively satisfying, it is not a unique property of an accelerogram if
scaling of the accelerogram is allowed (as often done in engineering practice). If an acceleration time
history is scaled to a different peak ground acceleration, the bracketed duration will change. Furthermore,
use of the bracketed duration produces a decrease in the duration of strong shaking with increasing
distance from the earthquake source, a somewhat counter-intuitive result as earthquake waves are known

to spread out as they move away from the source, increasing the duration of shaking.
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Many engineers and seismologists find the significant duration, D, proposed by Trifunac and Brady
(1975) to be the most appropriate duration definition. Trifunac and Brady (1975) defined the significant

duration as the time interval between 5 and 95 percent of the total Arias intensity on a plot of Arias
intensity versus time for an accelerogram. This type of plot is known as a Husid plot as it was first
proposed by Husid (1969) to portray the evolution of energy release for a ground motion record. The
Trifunac and Brady definition of the significant duration is illustrated on the Husid plot in Figure 2-15 for
the Saratoga-Aloha Avenue record from the 1989 M,, 6.9 Loma Prieta earthquake (the strong motion
record for this motion is shown in Figure 2-14). This significant duration is a unique property of the time

history, independent of any scaling of acceleration.

Figure 2-15 Significant Duration of Strong Shaking

For problems related to soil liquefaction, duration is sometimes expressed in terms of the number of
equivalent uniform cycles (e.g., see Seed, et al., 1975). The number of equivalent uniform cycles is
typically expressed as a function of earthquake magnitude to reflect the general increase in duration with
increasing magnitude. Recommendations for the number of equivalent uniform cycles as a function of

earthquake magnitude for use in liquefaction and seismic settlement analyses are discussed in Chapter 6.
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2.7.5 Response Spectrum

The response spectrum of an earthquake record is a plot of the maximum response of a linear single
degree-of-freedom (SDOF) system versus the natural period of the system for a specified damping ratio.
Response spectra used in practice include the acceleration (S,), relative velocity (S,), and relative
displacement (S4) response spectra. The acceleration response spectrum is the sole loading parameter for
the most common method for seismic analysis of structures (modal superposition). It is also commonly
used in the selection of representative earthquake time histories for use in analysis. Development of an
acceleration response spectrum for a single earthquake time history is illustrated on Figure 2-16. A series
of linear elastic SDOF systems of stiffness k, mass m, and damping c,, each with a different undamped
resonant (or fundamental) period, T, but the same fraction of critical damping (or damping ratio), B, are
subject to the same earthquake time history. The peak acceleration of each SDOF, a .y, also referred to as
the spectral acceleration, S,, is plotted versus T to create the acceleration response spectrum for that
motion. Velocity and displacement spectrum can be generated in the same manner (by potting the peak
value for each SDOF versus the fundamental period of the SDOF). It should be noted that the spectral
acceleration for a SDOF with a fundamental period of zero (an infinite stiffness) is equal to the peak
ground acceleration of ground motion. Also, as illustrated in Figure 2-16, the response spectrum is a

function of the damping ratio, 3, of the SDOF.

The undamped resonant period of the linear SDOF is the square root of its mass, m, divided by its

stiffness, k, as presented in Equation 2-4:

T= 2 2-4
k

The damping of the linear SDOF system is represented by the viscous damping coefficient, c. The critical
damping coefficient for the SDOF system, c.y, is the damping that results in the quickest approach
(shortest time) to the at-rest condition for the system during free vibration. With less damping, the system
reaches the at-rest position faster but oscillates around that position, while with more damping the system
approaches the at-rest position without oscillation but at a slower rate. The critical damping coefficient,

Cerit» 18 the square root of the mass times the stiffness of the SDOF:

C.. =2-(k-m) 2-5
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Figure 2-16 Schematic Representation of Acceleration Response Spectra (Reproduced from
Matasovic, 1993)

The ratio of the viscous damping coefficient to the critical damping coefficient, c/c.;, is fraction of
critical damping, or damping ratio  (when expressed as a percent).

B :CL -100% 2.6

crit

In the context of a response spectrum, [ is sometimes referred to as the spectral damping. In earthquake

engineering, a spectral damping of 5% is commonly selected for development of response spectra.
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A tripartite spectral plot is sometimes used to graphically portray response spectra. Figure 2-17 shows an
example of such a tripartite plot for a smoothed response spectra developed by averaging or enveloping a
large number of spectra representative of a specified condition. A tripartite plot simultaneously displays
the spectral acceleration, S,, as well as the spectral velocity, S,, and the spectral displacement, Sy, values
(determined in the same way as S, as the peak values for the SDOFs in Figure 2-16) for the selected
spectral damping. For a given fundamental period, T, (or fundamental frequency f= 1/T), S,, S,, and S4
are read from the appropriate ordinates. For example, as indicated on Figure 2-17, for T=0.7s (f= 1.4

Hz), S,=0.19 g, S, =10 in/s, and Sy = 1.2 in.

Figure 2-17 Tripartite Representation of Acceleration, Velocity, and Displacement Response Spectra.

2.7.6 Smoothed Uniform Hazard Spectra

Seismic hazard analyses often must consider the contributions to seismic risk from a variety of different
earthquake sources. Furthermore, even when there is only a singular source under consideration, that
source may be capable of generating earthquakes of different magnitudes at different distances and

recurrence rates. One method often used to consider the relative contributions of more than one source
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and/or of multiple events of different magnitude, distance, and recurrence from the same source is a
probabilistic seismic hazard analysis. In a probabilistic seismic hazard analysis, the probability of
exceeding a specified level of ground motion for a specified time period is calculated. The specified
ground motion parameter may be a peak ground motion parameter (e.g. PGA, PGV, or PGD) or a spectral
parameter (e.g. S,, S,, or Sy) at a specified spectral period. One particularly useful output from a
probabilistic hazard analysis is a plot of a desired spectral parameter (e.g. spectral acceleration, S,) over
the entire range of spectral periods of interest for a specified probability of exceedance over a specified
time period (e.g. for a 7% probability of exceedance in a 75 year period, per the AASHTO seismic design
specifications). Such a plot is referred to as a uniform hazard spectrum (as each point has the same
annual probability of being exceeded), or UHS. A UHS typically represents the statistically averaged
contributions from multiple events on multiple seismic sources, thus the resulting spectra are generally
represented by a smooth curve. Figure 2-18 presents the uniform hazard acceleration response spectrum
for a site in Memphis, Tennessee, from the USGS National Seismic Hazard Mapping Program for ground
motions with a 5 percent probability of being exceeded in a 50-year period (probabilistically equivalent to
a 7% probability of being exceeded in a 75-year period). More discussions in seismic hazard analysis and

uniform hazard spectra are presented in Chapter 3.

Figure 2-18 Uniform Hazard Acceleration Response Spectra for Memphis, Tennessee, with a 5%
Probability of Exceedance 50-years (USGS National Seismic Hazard Mapping
Program)
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2.7.7 Ground Motion Attenuation Relationships

An attenuation relationship describes the relationship between earthquake magnitude, site-to-source
distance, and the value of a peak or spectral ground motion parameter (e.g., peak ground acceleration,
peak ground velocity, peak ground displacement, or spectral parameters S,, S,, or Sy at a specified
spectral period). Attenuation relationships are essential input parameters for seismic hazard analyses.
Acceleration attenuation relationships (for both peak and spectral values) are the most common form of
attenuation relationship. Attenuation relationships are usually developed by statistical analysis of ground

motions recorded in previous earthquakes. The variability in the ground motion parameter of interest for
a given magnitude and distance is generally characterized by the standard deviation of the statistical data.
This variability is usually assumed to be log-normally distributed (i.e., the logarithm of the parameter

value is normally distributed).

Numerous attenuation relationships can be found in the technical literature. Typical factors included in an
attenuation relationship are tectonic regime (e.g. shallow crustal earthquakes, subduction zone
earthquakes, intraplate earthquakes), earthquake magnitude, site-to-source distance, and some measure of
local ground conditions (e.g. stiff soil, soft soil, or rock or, more recently, shear wave velocity in the
upper 30 meters of the site). Figure 2-11 identifies the distance measures associated with the most
common attenuation relationships used in engineering practice. The style of faulting (e.g., slip-strike
versus normal faulting) and, for normal faulting, the location of the site with respect to the orientation of

the fault, are also used in some attenuation relationships.

Attenuation relationships can be particularly sensitive to tectonic setting. Field data indicate that
attenuation in subduction zone events differs from attenuation in shallow crustal events, which in turn
differs from attenuation in intraplate events. In particular, intraplate events appear to attenuate at a
significantly slower rate (decay slower with distance) than shallow crustal events. Hence, strong ground
motions from an intraplate event is likely to be experienced over a much broader area than strong motions
from a shallow crustal event of the same magnitude. Attenuation relationships are addressed in more

detail in Chapter 3 of this document.

2.7.8 Predominant Period of the Strong Ground Motions

Earthquake ground motions tend to have a predominant period (or frequency), i.e. a period, or range of

periods, of vibration where the greatest amount of strong motion energy is concentrated. This
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predominant period can be identified in an approximate manner as the period, or range of periods,
corresponding to the peaks of the acceleration response spectrum. Sites with a soil layer (or layers)
overlying either bedrock or another soil layer that differs significantly in stiffness and density will have a
resonant period governed by the thickness, density, and stiffness (or shear wave velocity) of the overlying
soil layer(s). Similarly, an engineered facility is likely to have one or more fundamental (or resonant)
periods, i.e. a period at which the structural response is the greatest. The damage potential of strong
ground motions with respect to a specific engineered facility is affected by the fundamental period of the
base earthquake motion, the resonant period of any soil layer at the site, and the resonant period of the
engineered facility. When the predominant period of the earthquake motion is close to the resonant
period of the soil layer, there is a significant potential for amplification of the earthquake motion. In fact,
the spectral acceleration of the earthquake motion will always be amplified around the resonant period of
the soil layer. So, the damage potential of an earthquake ground motion increases when the predominant
period of the earthquake motion is close to the resonant period of the site and when the resonant period of
the site is close to the fundamental period of the structure. The damage potential of an earthquake ground

motion will be greatest when all three of these predominant or fundamental periods coincide.

2.7.9 Magnitude-Distance Deaggregation

Each point on a uniform hazard spectrum is typically composed of contributions from a family of
earthquakes of different magnitude and distance. The distribution of magnitude and distance may be
different for each point on the uniform hazard spectrum. This distribution is referred to as the magnitude-
distance deaggregation. The magnitude-distance deaggregation is important as it provides the basis for
assigning a representative magnitude and distance to a design earthquake ground motion.  Figure 2-19
shows the magnitude-distance deaggregation for one point on a uniform hazard spectrum for Oceano,

California.

Figure 2-19 indicates that the primary contribution to the seismic hazard at the site is from a M 7.5 event
at a distance of approximately 3 miles from the site but that there is also a M 8 source about 12.5 miles
from the site that contributes to the hazard. Magnitude-distance deaggregation is described in more detail

in Chapter 3.
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Figure 2-19 Magnitude-Distance Deaggregation for Oceano, California (Source: USGS National
Seismic Hazard Mapping Program)

2.8 SUMMARY

This chapter presents an overview of the mechanisms of earthquakes and earthquake source zones. It also
defines the basic parameters describing faults and the recurrence of earthquakes and strong round motions
generated by earthquakes. The mechanisms of earthquakes are described to provide the reader with a
physical understanding of earthquake phenomenon. Earthquake sources are discussed within the
framework of plate tectonics to give the reader an appreciation of the sources of damaging earthquakes
within the United States. Earthquake source mechanisms are also important because the rate at which
earthquake motions attenuate is related to source mechanism, with intraplate earthquakes in the central
and eastern United States attenuating less rapidly with distance compared to earthquakes at transform

boundaries and other shallow crustal events.
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Earthquakes are generated by fault rupture. The energy released by an earthquake is quantified by the
earthquake magnitude. Moment magnitude is presented as a uniform measure of earthquake magnitude.
The geometric parameters describing the ruptured fault include parameters describing the location of the
fault such as hypocenter and epicenter, parameters describing its orientation such as strike and dip, and
the zone of energy release. The measures used to describe the distance of a project site from the
earthquake source vary depending on the location parameter used in their definition. The rate at which
earthquakes occur on a given fault is referred to as the recurrence rate. The two models commonly used
to define the recurrence of earthquakes in a seismic hazard assessment, the truncated exponential
Gutenberg-Richter model based upon primarily instrumentally recorded earthquakes, and the

characteristic model developed based upon geologic data, are briefly described.

The engineering parameters describing strong shaking in earthquakes that are defined in this chapter
include strong motion time histories, peak ground motion parameters, elastic response spectra, ground
motion attenuation relationships, uniform hazard spectra and the associated magnitude deaggregation, and
various energy and duration measures. These parameters are generally related to the return period, or
annual probability of occurrence, of the ground motion. The evaluation of these strong ground motion
parameters in accordance with both probabilistic and deterministic earthquake design criteria is discussed
in Chapters 3 and 5. Chapter 3 further discusses the development of acceleration response spectra that
satisfies the AASHTO seismic design criteria and modification of the AASHTO response spectra to
account for local site conditions, while Chapter 5 further discusses modifications to ground motion design
parameters based upon site-specific site response analysis. Subsequent chapters of this document then
discuss the use of these design ground motion parameters in geotechnical analysis of the performance of

transportation facilities in earthquakes including:

. The use of earthquake magnitude and peak ground acceleration, spectral acceleration, peak ground
velocity, and/or a suite of representative time histories to evaluate liquefaction potential,
liquefaction-induced ground displacement, seismic slope stability and deformation, and seismic

settlement in Chapter 6;
. The use of representative time histories in soil-structure interaction analyses in Chapter §;

° The use of peak ground acceleration, spectral velocity, or representative ground motions to evaluate

lateral earth pressures and design earth retaining structures in Chapter 12; and

° The use of representative ground motions to design buried structures for seismic loads in Chapter
13.
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CHAPTER 3
SEISMIC HAZARD ANALYSIS AND GROUND MOTION CHARACTERIZATION

3.1 GENERAL

Seismic hazard analysis is the process by which the appropriate ground motions (or ground motion
parameters) are established for seismic design. This chapter describes the two basic types of seismic
hazard analyses (i.e. probabilistic and deterministic analyses) commonly employed in design practice as
well as characterization of the design ground motions based upon the results of these analyses. AASHTO
uses a probabilistic approach and has recently adopted a 1,000-year return period as the basis for bridge
design. The 1000-year return period may also be logically assumed to be appropriate for non-bridge
highway transportation facilities (e.g., embankments, tunnels, culverts, retaining walls, etc.) for
consistency. However, occasionally a different return period, or a deterministic analysis, may be
employed to provide a basis upon which to establish earthquake ground motions for use in design.
Furthermore, the designer may wish to evaluate performance of a structure or facility for more than one

return period or to assess the sensitivity of seismic performance to the return period.

This chapter describes the fundamental principles of seismic hazard analysis and discusses the relative
merits of, and fundamental differences between, the probabilistic and deterministic approaches to seismic
hazard analysis. The procedure for obtaining design ground motion parameters in accordance with the
AASHTO criteria for LRFD seismic design, procedures for establishing a suite of representative
acceleration time histories for use in design, and special considerations is determining design ground
motions not address by the AASHTO specification, including near-field ground motions, shallow bedrock
and deep soil basin sites, and spatial variability in ground motions, are also addressed in this chapter.

Figure 3-1 portrays the four fundamental steps in a probabilistic seismic hazard analysis. In Step 1
(Seismic Source ldentification), the seismic sources capable of generating strong ground motions at the
project site(s) are identified and the characteristics and geometries of these sources (i.e. their tectonic
mechanism, style of faulting, location and spatial extent) are defined. In Step 2 (Magnitude-Recurrence),
a recurrence relationship describing the rate at which various magnitude earthquakes are expected to
occur, is assigned to each of the identified seismic sources. Together Steps 1 and 2 may be referred to as

“seismic source characterization”. In Step 3 (Ground Motion Attenuation), an attenuation relationship
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that describes the link between earthquake magnitude, site-to-source distance, and the ground motion
parameter of interest is assigned to each seismic source. In Step 4 (Probability of Exceedance), the results
from the first three steps are combined to produce a curve relating the value of the ground motion
parameter of interest at the site(s) of interest to the probability that it will be exceeded in a specified time

interval.

Figure 3-1 Steps in Probabilistic Seismic Hazard Analysis

A deterministic seismic hazard analysis may also be described by the four step process illustrated in
Figure 3-1. However, in a deterministic analysis, Step 2 (Magnitude-Recurrence) is abbreviated by
assigning a discrete, deterministic magnitude to each seismic source. The magnitude assigned to each
source is generally some sort of maximum magnitude. Then, Step 4 consists solely of determining which
source generates the maximum (or most damaging) value of the ground motion parameter of interest
(though it may sometimes be necessary to consider more than one source due to the interrelationship

between damage potential, intensity, and duration).

FHWA-NHI-11-032 3 - Seismic Hazard Analysis
Seismic Design — Geotechnical Features 3-2 August2011



Each of the steps described above for the probabilistic and deterministic methods of analysis is discussed
in the following sections. How the deterministic approach differs from the probabilistic approach is also
addressed herein. Other important subjects that are discussed in the following sections include selection
of the target ground motion level for use in design, characterization of the design ground motions from
the results of a probabilistic or deterministic seismic hazard analysis, details of the procedure for
obtaining design ground motions in accordance with the AASHTO probabilistic seismic hazard design
criteria, and special topics such as near field (near fault) effects such as directivity and the near field pulse

of ground motion, spatial variation of ground motions, and vertical ground motions.

3.2 SEISMIC HAZARD ANALYSIS

3.2.1 Seismic Source Identification

The first step in a seismic hazard analysis usually is to identify and characterize the seismic sources
capable of generating strong ground motions at the project site. The characteristics of seismic sources
capable of generating strong ground motions at the project site were discussed in Chapter 2. In addition
to simply identifying the seismic sources impacting a site, the type of seismic source zone (e.g. shallow
crustal fault zone, subduction zone, or intraplate zone), the style of faulting (e.g. strike-slip, dip-slip,
oblique)must be identified and a model of the geometry of each seismic source must be developed. There
are two basic geometries used to model seismic sources in a seismic hazard analysis: area source zones
(sometimes discretized into a series of point sources), and discrete fault sources (typically modeled as line
sources). Both types of sources are conceptually illustrated in Figure 3-2.

Well-defined faults may be modeled as line sources, while area source zones are used to model spatially
distributed seismicity. In the 1970s and early 1980s, seismic source characterization was typically based
on area sources that were defined using historical seismicity data. In many parts of the world, particularly
those without well-define active faults, modeling seismic sources using area sources is still the standard of
practice. However, even in regions with well known faults, area sources are commonly included in the
source characterization to account for background seismicity and for earthquakes that do not occur on

known faults or fault zones.
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Figure 3-2 Geometry of Seismic Sources in Seismic Hazard Analysis

In the United States (especially in the western U.S.), faults that have the potential to produce strong
ground shaking have generally now been well defined by geological and seismological studies and
therefore discrete fault source modeling can be employed. In state-of-the practice seismic hazard
analyses, fault sources are usually treated as planes to account for the variable depth of the seismic
activity. Area sources may be treated as volumes to account for uncertainty in the depth of seismic
activity. Accounting for the depth of seismic source is necessary to properly account for the depth-
dependence of the site to source in many attenuation relationships. This subject is further discussed in

Section 3.2.3 in the discussion on ground motion attenuation relationships.

3.2.2 Magnitude-Recurrence Relationships

After defining the characteristics and geometry of each seismic source that can contribute to the strong
ground shaking at the project site, the next is to define the size (i.e. magnitude) and frequency of
occurrence (recurrence) of the earthquake(s) associated with each seismic source. As noted in Chapter 2,
Moment Magnitude, M,,, has been generally adopted by seismologists and engineers as the measure of the

size of an earthquake. M,, was defined by Hanks and Kanamori (1979) using the following equation:

M, = 210g,,(M,)-10.7 31
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where M, is defined as the ‘seismic moment’ (in dyne-cm), given by the following equation:
M, =uxAxD 32

where W is the rupture strength (shear modulus) of the crust (dyne/cm?),
A is the area of the fault rupture (cm?), and

D is the average displacement (slip) over the rupture surface (cm).

M., and M, both have units of force times length (dyne-cm), or work done, and hence, both are direct

measures of the energy released by fault rupture during an earthquake.

From Equation 3-1, it can be shown that seismic moment is related to moment magnitude as follows:

M = 10(3/2(Mw+10.7)) 3-3
o]

From Equations 3-1 and 3-3, it can be seen that the relationship between the energy released by an
earthquake (M,) and earthquake magnitude (M,,) is logarithmic, i.e. for each unit increase in moment
magnitude, M,,, the seismic moment, M, (energy released by fault rupture), increases by a factor of 31.6.
Hence, compared to the energy released by a magnitude 5 earthquake, the energy released by magnitude
6, 7 and 8 earthquakes will be 31.6, 1,000 and 31,623 times greater, respectively. A larger magnitude
(greater energy release) generally results in stronger and longer shaking from the earthquake. However,
the additional energy associated with a very large magnitude earthquake may not necessarily induce
stronger shaking at the site in the near field (i.e. close to the zone of energy release for the earthquake)
due to the limited strength of near surface soils (which limits the amplitude of the waves they can
transmit). Even if the amplitude of shaking is limited, a very large magnitude event will still subject a

much larger area to strong shaking and cause a longer shaking duration.

In both deterministic and probabilistic seismic hazard analyses, the maximum magnitude earthquake that
can be generated for each seismic source must be defined. In a deterministic seismic hazard analysis,
knowledge of the maximum magnitude, or a characteristic magnitude, for each source is generally
sufficient for seismic source characterization purposes (in addition to the tectonic mechanism, style of

faulting, source location, and geometry). In a probabilistic seismic hazard analysis, a magnitude-
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recurrence relationship (i.e. the rate of occurrence of various magnitude earthquakes) needs to be defined
in addition to the maximum earthquake magnitude. As discussed in Chapter 2, the magnitude-recurrence
relationship relates earthquake magnitude to the number of earthquakes per year equal to or greater than
that magnitude for a seismic source. The reciprocal of the recurrence rate is the average time period (in
years) between events equal to or greater than the associated magnitude. (Note that the reciprocal of the
recurrence rate, or recurrence interval, which is the average time period (in years) between occurrences of
an earthquake of a given magnitude, is generally distinguished from the return period, which is the

average time period (in years) between occurrences of a specified ground motion level.)

The need to define the frequency of occurrence of earthquakes in a magnitude-recurrence relationship is
one of the main distinctions between deterministic and probabilistic seismic hazard analyses. The
Gutenberg-Richter recurrence model (sometimes referred to as the exponential model) was widely used as
the sole means of characterizing magnitude-recurrence relationships in the 1970s and early 1980s, and is

given by the following equation (Gutenberg and Richter, 1944):

Log,(n)=a+bxM,, 3-4

where n is the annual number of earthquakes with magnitude M,,, and the a and b parameters define the

recurrence rate based on curve fitting to historical seismicity data.

One shortcoming of the Gutenberg-Richter model is that it is not limited in magnitude (i.e. there is a
small but finite frequency of earthquakes of magnitude 9, 10, and greater). To compensate for this
shortcoming, Gutenberg and Richter proposed truncating the exponential model at a limiting (or
maximum) magnitude (Gutenberg and Richter, 1954). The truncated Gutenberg-Richter model (i.e. a
truncated exponential model) works well for large regions (e.g. for the worldwide seismicity data base)
but does always fit the observed behavior of finite fault sources (Schwartz and Coppersmith, 1984) or for
seismicity data measured over smaller regions during the relatively short time frame of instrumental
seismicity (i.e., since 1933, the start of instrumental seismicity measurements using scientific

instruments).

While the use of recorded seismicity data may intuitively seem like the preferred method for development
of a recurrence relationship, the short history of the instrumental record is insufficient to reflect geologic

processes in most areas. Therefore, other means, e.g. the use of geologic data, are usually necessary to
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develop recurrence relationships. Even when representative instrumental data is available for small
magnitude events, geologic evidence usually is used to anchor the recurrence model at the large
earthquake end of the magnitude-recurrence relationship, i.e. for the maximum magnitude earthquake,
M max-

The current preferred approach to account for the recurrence of large magnitude earthquakes on well
known faults is to complement the instrumental seismicity data for smaller magnitude earthquakes with a
characteristic magnitude-recurrence model for maximum magnitude events. In the characteristic model,
the rate at which earthquakes of the characteristic (or maximum) magnitude occur is based on both
geodetic data (i.e. the tectonic slip rate for the fault) and geologic data (i.e. paleoseismic studies) that can
cover a much longer history of the earth’s geologic processes than instrumental seismicity. The
characteristic model assumes that individual faults tend to generate earthquakes of a preferred magnitude
due to the geometry of the fault and the rate of accumulation of stress due to tectonic forces (i.e. the
average annual rate of movement, or tectonic slip rate). As a result of this phenomenon, there is a
‘characteristic’ size (magnitude) of earthquake that a given fault segment tends to generate based on the

dimension of the fault segment and associated slip rate.

As discussed in Chapter 2, Figure 2-12 (also shown hereafter as Figure 3-3) shows a composite of the
Gutenberg-Richter and Characteristic models is often used to describe magnitude-recurrence in seismic
hazard analysis. The Gutenberg-Richter model is used to describe the recurrence of small magnitude
events based on instrumental seismicity and the Characteristic model is used to describe magnitude
recurrence in the large magnitude range based upon geologic data such as the fault’s length and/or historic
slip rate. One such composite model is the Youngs and Coppersmith (1985) model, which is contrasted
in Figure 3-3 to the truncated exponential model. The Youngs and Coppersmith model employs a
uniform distribution for the large magnitude characteristic earthquakes. The uniform distribution
illustrated in Figure 3-3 is centered on the mean characteristic magnitude and has a width of 0.5

magnitude units.
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Figure 3-3 Truncated Gutenberg Richter and Characteristic Magnitude-Recurrence Models
(Youngs and Coopersmith, 1985)

Since a composite model employs two different magnitude distributions, an additional constraint is
needed to define the relative amplitudes of the two distributions. One commonly adopted constraint is to
set the height of the uniform distribution equal to the value of the exponential distribution at 1.0
magnitude unit below the lower end of the uniform characteristic distribution (1 magnitude unit less than
the smallest magnitude of the uniform characteristic magnitude distribution). This additional constraint
sounds rather arbitrary, but it has a basis in empirical data on earthquake recurrence. A key feature of the
Young and Coppersmith model is that this constraint results in about 94% of the total energy associated
with a seismic source being released in characteristic earthquakes and about 6% of the total energy being

released in the smaller earthquakes that fall within the range of the exponential model.

An additional consideration in assigning magnitude-recurrence to a seismic source is the distribution of
the earthquake occurrences over the source, i.e. the locations of the ruptures. In practice, a uniform

distribution of earthquake occurrence over the seismic source is commonly used.
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3.2.3 Strong Motion Attenuation Relationships

The third step in a seismic hazard assessment (after characterizing seismic source geometry and
magnitude-recurrence) involves defining the appropriate attenuation relationship(s) for the strong ground
motions. An attenuation relationship relates the design ground motion shaking parameter(s) of interest
(e.g. peak ground acceleration or spectral acceleration as a function of spectral period) to the combination
of magnitude (M) and distance (D), as shown in Figure 3-4. The preferred method for developing an
attenuation relationship is to conduct statistical analysis of recorded strong motion data. However, in
some tectonic regimes there is not sufficient historical strong motion data from which to develop such a
relationship. Furthermore, there is often a lack of data on attenuation in very large magnitude events for a
given tectonic regime, particularly in the near field. In these cases, empirical and analytical seismological

models are employed to supplement the available historical data.

Historical strong motion data from earthquakes show a wide range of scatter, even after reconciling
discrepancies due to earthquake magnitude, source mechanism, tectonic regime, and site conditions. This
variation among recorded data within a single earthquake event is referred to as intra-event variability,
while the variability among records from different earthquakes is referred to as inter-event variability. It
is generally recognized that attenuation relationships need to reflect both sources of variability (i.e. the
total uncertainty) in the strong motion data. Hence, an attenuation relationship is typically presented in
terms of a median attenuation relationship with the scatter about the median modeled by a statistical
distribution function. If the functional form of the distribution is known (or assumed), the scatter of the
ground motion about the median can be characterized simply in terms of the standard deviation or
variance of the distribution. Most current attenuation models assume a log-normal distribution for this
scatter (i.e., the logarithm of the response parameter has a normal (Gaussian) distribution). Hence,
modern attenuation relationships are typically defined by an equation for the median value of the ground
motion parameter as a function of magnitude and distance (and any other parameters included in the
attenuation model) plus the standard deviation (sigma, or o, value) for the stated distribution shape. The
standard deviation may also be a function of magnitude and/or distance. Most current attenuation models
provide for prediction of both the peak ground acceleration and the spectral acceleration at various
spectral periods. Attenuation models may also provide values for other ground response parameters of

interest, e.g. peak ground velocity.
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Figure 3-4 presents an example of a common attenuation relationship for the peak horizontal ground
acceleration (PHGA) along with the historical strong motion data used to develop it. The dots in Figure
3-4 represent the historical data points while the solid lines represent the median values. The dashed lines
in Figure 3-4 represent the 95% confidence interval from the statistical analysis (i.e. the 2c bounds
assuming a log normal distribution). The bell-shaped curves in Figure 3-4 show the assumed statistical
log normal distribution of the ground motion parameter (the peak ground acceleration) at a distance of 0.6

miles.

Figure 3-4 Example of Peak Horizontal Ground Acceleration Attenuation Relationship for Strike-
Slip Earthquakes and Soil Sites (Boore, Joyner, and Fumal (1997)

Individual attenuation modelers often have different viewpoints about earthquake mechanisms and hence
often employ different variables in their attenuation relationship. In particular, the measure of the site-to-
source distance, D, which is employed in the attenuation equations varies among common attenuation
relationships. There are several variations of site-to-source distance used by different attenuation

modelers, as discussed in Chapter 2 and depicted in Figure 3-5.
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Figure 3-5 Variation in Definitions on Distance (site to seismic source) in Commonly Used

Attenuation Relationships; (a) Strike Slip Faulting; (b) Reverse or Normal Faulting,
Hanging-wall Site; (c) Reverse or Normal Faulting, Foot-wall Site

The role the attenuation relationship(s) play in the outcome of both probabilistic and deterministic seismic
hazard analysis cannot be over-emphasized. Furthermore, the state-of-the-art on this subject is constantly
evolving: almost every major earthquake has led to a change in attenuation relationships. As the state-of-
the-art progresses, these relationships become more complex and greater expertise may become necessary
in selecting and implementing the appropriate relationships. For example, attenuation relationships are
particularly sensitive to tectonic regime. In the United States, the tectonic regimes that may be

encountered include:
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1)  Shallow crustal earthquakes along active tectonic boundaries, e.g. for the western U.S.
2)  Subduction zone earthquakes in Alaska and the northwestern U.S.
3)  Stable continental regions in the central and eastern U.S.

4)  Extensional tectonic regions such as those in Nevada and Arizona

As noted above and in Chapter 2, the current viewpoint among seismologists is that there are fundamental
differences in strong motion attenuation between different tectonic regimes such as between the western
U.S. (WUS) and the central and eastern U.S. (CEUS), leading to the adoption of different attenuation
models in different regimes. The boundary between WUS and CEUS tectonic regimes is shown in

Figure 3-6, lying approximately along the Rocky Mountains. West of this boundary is referred to as the
more seismically active WUS region and east of the boundary is the less active CEUS region. In general,
probabilistic ground shaking levels are higher in the WUS compared to the CEUS due to higher activity
rates, especially at longer spectral periods (for example, 0.5 seconds or more). However, ground motions

appear to attenuate with distance less rapidly in the CEUS compared to the WUS.

USGS Seismic Hazard Regions

Note: Different attenuation relationships used for different regions

Figure 3-6 Boundary Defining WUS and CEUS Seismic Hazard Regions Based on Change in
Attenuation Relationship (USGS, 2002)
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Figure 3-7 compares spectral shapes from WUS and CEUS attenuation models for a typical Magnitude
6.5 event at a site-to-source distance of 12 miles (20 km). The CEUS curves in Figure 3-7 includes two

attenuation models to compensate for the lack of sufficient strong motion data plus and a third curve that

is a weighted average of the first two models. Figure 3-7a presents a comparison of the acceleration

response spectra shapes (i.e. the acceleration response spectra normalized by their respective PGA) and

Figure 3-7b presents a comparison of displacement response spectra shapes.
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Figure 3-7

(b)

Comparison between Spectral Curve Shapes for the WUS and CEUS Hazard Regions

(after NUREG, 2001); (a) Acceleration Spectra for M=6.5, and R=20 km; (b)
Displacement Spectra for M=6.5, and R=20 km

FHWA-NHI-11-032

Seismic Design — Geotechnical Features

3-13

3 - Seismic Hazard Analysis
August2011



The CEUS acceleration response spectra shape in Figure 3-7a has a higher amplitude than the WUS
spectral curve shape at shorter spectral periods (T < 0.1 sec). The WUS spectral curve shape is higher
than the CEUS curve shape for spectral periods greater than 0.1 second, the range of periods of
importance in most structural designs. At a period of one second, the normalized WUS spectral
acceleration is about twice the normalized CEUS acceleration. The normalized WUS acceleration
spectral amplitude is over 3 times the normalized amplitude of CEUS spectrum at a period of 3 seconds.
Furthermore, there may be even more intense, long-period motions associated with forward directivity of

near-fault ground motions that can be encountered in the WUS (as discussed subsequently).

Table 3-1 summarizes several of the attenuation relationships used to develop the 2002 USGS National
Seismic Hazard Maps. The 2002 USGS National Seismic Hazard Maps provide the basis for current
AASHTO seismic design criteria. There is a more recent 2008 update to these 2002 maps and some
building codes (but not AASHTO) require the use of ‘the most current version of the USGS National
Seismic Hazard Maps’. During deliberations on the current seismic design criteria, AASHTO decided
that, whereas there are good rationales to continuously implement the updated USGS National Seismic
Hazard Maps, changes to the AASHTO design criteria need to be managed by the AASHTO balloting
process for technical stability and to control cost impacts. Therefore, it was decided that AASHTO would
not automatically adopt new USGS maps upon their dissemination and that the 2002 USGS maps would
remain the basis for seismic design of transportation facilities at the current time.

There are three general categories of attenuation relationships presented in Table 3-1- one for each of the
three predominant tectonic regimes associated with the United States. These tectonic regimes are
categorized as follows: (1) shallow crustal earthquakes in the western U.S. (including extensional and
volcanic faulting regimes), (2) intra-plate earthquakes in the central and eastern U.S. and (3) subduction
zone earthquakes in the Pacific Northwest, Alaska, and the Caribbean. Category 1 includes both the
active tectonic regime along the west coast of the US, the extensional tectonic regime in Arizona and
Nevada, and earthquakes associated with volcanism in Hawaii and the Pacific northwest. The attenuation
equations for shallow crustal earthquakes and, to a lesser extent, subduction zone earthquakes are based
on empirical strong motion recordings. However, there are little strong motion data from significant
intraplate earthquakes in the central and eastern U.S. (CEUS), or from other analogous tectonic regimes

around the world, that is suitable for developing intraplate earthquake attenuation equations.
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TABLE 3-1 SELECTED ATTENUATION RELATIONSHIPS USED TO DEVELOP USGS SEISMIC HAZARD MAPS
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Therefore, the CEUS attenuation equations are based largely on analytical and numerical modeling of
strong motion attenuation in these regions. Toro et al. (1997) discuss the uncertainties associated with
CEUS attenuation relationships and present another CEUS attenuation relationship commonly used in

practice.

The attenuation relationships listed in Table 3-1 provide for prediction not only of the PGA but also of the
spectral acceleration at various periods. While all of these equations depend upon site-to-source distance,
each attenuation model uses a different definition for distance. Figure 3-5 illustrates the differences
among the various distance definitions used in these models. The equations for shallow crustal
earthquakes presented in Table 3-1 are simplified versions of the complete attenuation equations for these
models in that they apply solely to strike-slip earthquakes at rock sites. The complete equations include
additional terms and coefficients to account for style of faulting, site soil conditions, and which side of the
fault the site is on (for thrust faulting) . The treatment of uncertainty (i.e. values of equations for the
standard deviation) also varies widely among different attenuation equations. However, all of the
attenuation relationships in Table 3-1 assume a log normal distribution for the ground motion. Therefore,
only the standard deviation is required to characterize the uncertainty in the predicted median response
spectral acceleration values. However, the standard deviation typically depends upon magnitude and
distance.

The widely used Abrahamson and Silva (1997) attenuation relationship (one of the relationships used to
represent attenuation in shallow crustal earthquakes when developing the 2002 USGS maps) can be used
to illustrate some of the important features of an attenuation relationship. Table 3-2 presents the
regression coefficients used to predict the median spectral acceleration for the 1997 Abrahamson and
Silva attenuation equation. These coefficients can be used in the basic equation shown in Table 3-1 to
compute the spectral acceleration for any combination of magnitude and distance for a scenario
earthquake. Abrahamson and Silva (1997) tabulated the regression coefficients for 28 spectral periods
ranging from 0.01 second to 5 second. Note that, because the equations predict the log of the spectral
acceleration, there is no coefficient for a spectral period of zero, the spectral period corresponding to the

PGA. Instead, the spectral acceleration at a spectral period of 0.01 is used to represent the PGA.

To illustrate the use of the Abrahamson and Silva (1997) attenuation equation, consider a site located 10
kilometers from the fault rupture plane of a moment magnitude 7 strike-slip earthquake (i.e. M,, = 7 and
Rrp = 10 km). From Table 3-2, at period of 0.01 second (the period used to find the PGA), the regression
coefficients are: a; = 1.64, a,=-0.144,¢,=6.4,a;,=0,n=2, a;=-1.145, a;3 = 0.17 and ¢, = 5.6.

FHWA-NHI-11-032 3-Seismic Hazard Analysis
Seismic Design — Geotechnical Features 3-16 August 2011



TABLE 3-2 COEFFICIENTS FOR THE ABRAHAMSON AND SILVA (1997)
ATTENUATION MODEL

Period Cs
5.00 350 | -1.460 | 0512 | -0.7250 | -0.144 | 0.400 | -0.200 | 0.000 | 0.664 0.040 -0.2150 | 0.17 | 6.4 | 0.03

4.00 350 | -1.130 | 0.512 -0.7250 -0.144 | 0.400 -0.200 0.039 | 0.640 0.040 -0.1956 0.17 | 6.4 | 0.03
3.00 3.50 | -0.690 | 0.512 -0.7250 -0.144 | 0.400 -0.156 0.089 | 0.630 0.040 -0.1726 0.17 | 6.4 | 0.03
2.00 3.50 | -0.150 | 0.512 -0.7250 -0.144 | 0.400 -0.094 0.160 | 0.610 0.040 -0.1400 0.17 | 6.4 | 0.03
1.50 3.55 0.260 | 0.512 -0.7721 -0.144 | 0.438 -0.049 0.210 | 0.600 0.040 -0.1200 0.17 | 6.4 | 0.03
1.00 3.70 0.828 | 0.512 -0.8383 -0.144 | 0.490 0.013 0.281 | 0.423 0.000 -0.1020 0.17 | 6.4 | 0.03
0.85 3.81 1.020 | 0.512 -0.8648 -0.144 | 0.512 0.038 0.309 | 0.370 -0.026 -0.0927 0.17 | 6.4 | 0.03
0.75 3.90 1.160 | 0.512 -0.8852 -0.144 | 0.528 0.057 0.331 | 0.320 -0.500 -0.0862 0.17 | 6.4 | 0.03
0.60 4.12 1.428 | 0.512 -0.9218 -0.144 | 0.557 0.091 0.370 | 0.194 -0.890 -0.0740 0.17 | 6.4 | 0.03
0.50 4.30 1.615 | 0.512 -0.9515 -0.144 | 0.581 0.119 0.370 | 0.085 -0.121 -0.0635 0.17 | 6.4 | 0.03
0.46 4.38 1.717 | 0.512 -0.9652 -0.144 | 0.592 0.132 0.370 | 0.200 -0.136 -0.0594 0.17 | 6.4 | 0.03
0.40 4.52 1.860 | 0.512 -0.9880 -0.144 | 0.610 0.154 0.370 | -0.065 | -0.160 -0.0518 0.17 | 6.4 | 0.03
0.36 4.62 1.955 | 0.512 -1.0052 -0.144 | 0.610 0.170 0.370 | -0.123 | -0.173 -0.0460 0.17 | 6.4 | 0.03
0.30 4.80 2114 | 0512 -1.0350 -0.144 | 0.610 0.198 0.370 | -0.219 -0.195 -0.0360 0.17 | 6.4 | 0.03
0.24 4.97 2293 | 0.512 -1.0790 -0.144 | 0.610 0.232 0.370 | -0.350 | -0.223 -0.0238 0.17 | 6.4 | 0.03
0.20 5.10 2.406 | 0.512 -1.1153 -0.144 | 0.610 0.260 0.370 | -0.445 -0.245 -0.0138 0.17 | 6.4 | 0.03
0.17 5.19 2.430 | 0.512 -1.1350 -0.144 | 0.610 0.260 0.370 | -0.552 -0.265 -0.0040 0.17 | 6.4 | 0.03
0.15 5.27 2.407 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.557 -0.280 0.0050 0.17 | 6.4 | 0.03
0.12 5.39 2272 | 0512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.591 -0.280 0.0180 0.17 | 6.4 | 0.03
0.10 5.50 2.160 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.598 | -0.280 0.0280 0.17 | 6.4 | 0.03
0.09 5.54 2.100 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.609 -0.280 0.0300 0.17 | 6.4 | 0.03
0.075 5.58 2.037 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.628 -0.280 0.0300 0.17 | 6.4 | 0.03
0.06 5.60 1.940 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.665 -0.280 0.0300 0.17 | 6.4 | 0.03
0.05 5.60 1.870 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.620 | -0.267 0.0280 0.17 | 6.4 | 0.03
0.04 5.60 1.780 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.555 | -0.251 0.0245 0.17 | 6.4 | 0.03
0.03 5.60 1.590 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.470 | -0.230 0.0143 0.17 | 6.4 | 0.03
0.02 5.60 1.640 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.417 -0.230 0.0000 0.17 | 6.4 | 0.03
0.01 5.60 1.640 | 0.512 -1.1450 -0.144 | 0.610 0.260 0.370 | -0.417 -0.230 0.0000 0.17 | 6.4 | 0.03

NIRINIRNINININ(NININININININ NN ININ NN N[NNI NN -]

For Ry, = 10 kilometer, the distance parameter R in the attenuation equation is calculated as:

R=yR,, +¢,° =+107+5.67 =11.46

From the basic attenuation equation for the median spectral acceleration at 0.01 second (i.e. the median
PGA), we get:

InS,(@)=a,+a,(M—-c,)+a,(85-M)" +[a, +a,,(M—c,)]In(R)
=1.64-0.144(7-6.4)+0(8.5-7)* +[-1.145+0.17(8 — 6.4)]In(11.46)
=-0.99025.
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Hence, the median PGA from the Abrahamson and Silva (1997) attenuation equation for M,=7 and
Rp=10 would be e**°*, or 0.371 g.

Abrahamson and Silva (1997) also define a magnitude-dependent standard deviation, o, in their model.

For M, = 7, the standard deviation is given by the following equation.

6 =b, —2b, =0.7-2(0.135) = 0.43

Based upon the assumption of a log normal distribution for the ground motion, the median-minus-sigma
(84™ percentile) PGA would then be:

exp (-0.99025-0.43) = exp (-1.42025) = 0.242 ¢
and the median-plus-sigma (16™ percentile) PGA would be:
exp (-0.99025+0.43) = exp (-0.56035) = 0.571 g.

Using the regression coefficients tabulated for the other spectral periods in Table 3-2, one can solve for
the corresponding median, median-minus-sigma, and median-plus-sigma spectral ordinates at other
periods. This data can then be used to plot the median, median-minus-sigma, and median-plus-sigma
acceleration response spectra shown in Figure 3-8 for the M,, 7 strike-slip scenario earthquake at a rupture

distance, Ry, 10 kilometers from the site.

As noted above, there are many variations among specific attenuation relationships and these
relationships are constantly being updated. For instance, a set of Next Generation Attenuation (NGA)
relationships for shallow crustal earthquake in the western US (discussed briefly in Section 3.5 of this
chapter) were recently published. Readers are encouraged to refer to the cited publications for complete
details of these relationships, including the attenuation coefficients and any special conditions or

constraints considered for specific attenuation models.
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Spectra from Abrahamson and Silva Attenuation
Equation for M=7, Rrup =10 Km Event
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Figure 3-8 Acceleration Response Spectra from Abrahamson and Silva (1997)

3.2.4 Uniform Hazard Spectra

10

An essential output from a probabilistic seismic hazard analysis is a plot of the ground motion parameter

of interest, say PGA, versus the annual probability of exceeding that parameter. This plot is called a

seismic hazard curve. Figure 3-9 shows a plot of PGA versus the annual probability of exceedance (i.e.

the seismic hazard curve) from the seismic hazard analysis for a port facility in southern California. The

inverse of the annual probability of exceedance (return period in years, i.e. the average interval between

earthquake ground motions equal to or greater than the associated value), is shown on the right vertical

axis. Figure 3-9 shows not only the total probability of exceedance at the site but also the contributions

from individual seismic sources for this example. The annual probability of exceedance from each source

is summed to give the total hazard curve as shown in Figure 3-9.
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Figure 3-9 Seismic Hazard Curves for Site in Southern California: Total Hazard and Individual

Contributions from Three Major Faults

A hazard curve such as the one in Figure 3-9 may be used in several ways. For example the level of
ground motion with a 10% probability of exceedance in 50 years at this site, is 0.55g. (10% exceedance in
50 years is an annual exceedance of 0.0021, or a return period of 475 years.) This same curve indicates
that if the return period was doubled to1,000 years the design ground motion would be 0.65g, so it can be
observed that doubling the return period does not double the design ground motion. Similarly, if a bridge
at this site has an elastic strength that is exceeded when the design ground motion exceeds 0.2g, the
elastic capacity of the bridge will be exceeded about once every 15 years (annual probability of

exceedance for this ground motion = 0.07).

Similar hazard curves can be generated for the spectral acceleration at selected spectral periods. Then, by

plotting the spectral acceleration against period for a specified annual probability of exceedance, a
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uniform hazard acceleration response spectrum for the specified annual probability of exceedance (or
specified return period) can be extracted from these hazard curves. The resulting spectrum is called a
uniform hazard spectrum (UHS) because the ground motion parameter at all periods in this spectrum

represents the same, consistent seismic hazard level, or return period.

3.2.5 Return Period and Seismic Risk

The return period is a fundamental parameter for quantifying the risk assumed in design. The inverse of
the return period in years is essentially the annual risk. As noted earlier, AASHTO adopted a 1,000-year
return period (corresponding to a 0.001 annual risk) in 2007 for the no-collapse design limit state for
ordinary bridges. Therefore, under the AASHTO criteria for seismic design of ordinary bridges, damage
may be expected to occur when the bridge is subjected to the 1,000-year ground motions but collapse of
one or more spans and loss of life is not expected. The annual risk level of 0.001 associated with the
1,000 year return period ground motion may be compared to that for other natural hazards such as
extreme weather (floods and high wind) when making decisions regarding the risk level for design. An
annual risk of 0.001 is lower than the annual risk associated with bridge design for flooding and scour,
but public acceptance of the risk associated with the widespread loss of life, damage and business
disruption that may occur in a major earthquake dictates this criterion for seismic design. Furthermore, in
some circumstances even lower risk levels than that associated with the AASHTO 1,000-year return
period may be appropriate, such as for particularly important bridges. For example, a 1,500-year return
period (0.00067 annual risk) was adopted for the design of the new East Bay Spans for the San Francisco
Oakland Bay Bridge, based upon recommendations from Caltrans’s Seismic Advisory Board. Elsewhere,
a 2,500-year return period (0.0004 annual risk) has been employed for design of other major critical water
crossings in the U.S., including the seismic retrofit of several long-span bridges in New York City, and
the design of the Arthur Ravenal, Jr. (Cooper River) Bridge in Charleston and the Tacoma-Narrows
Second Crossing in Seattle.

While the return period (or annual risk) is a convenient way to interpret the risk associated with design
ground motions, many design engineers prefer to look at the risk over the design life of a facility,
sometimes referred to as the exposure period. Risk over a specified exposure period is quantified by the
probability of exceedance over that exposure period. By assuming that earthquakes occur randomly (i.e.
assuming a Poisson distribution of earthquake in time, e.g. that even if an earthquake occurs today, it has

the same chance of occurring tomorrow), the following equation can be used to relate the probability of
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exceedance, P, for an exposure period t to the annual risk vy (i.e. to the annual probability of exceedance,

which is the inverse of the return period, R):
P=1-exp(—yxt) 35

At relatively small probabilities of exceedance (e.g. 10% or less), this exponential relationship in
Equation 3-5 can be replaced by a simple proportional relationship between the annual risk and the

exposure period, t, or return period, R:

P=txy 3-6

P=vy/R 3-7

So, for example, for a return period of 1,000-year, y=0.001 and the probability of exceedance during a 50-
year exposure period (t = 50 years) is about 5% in accordance with Equations 3-6 and 3-7. If the
exposure period becomes 75 years (a common assumption for the design life of highway bridges), the
probability of exceedance is approximately 7% for a 1,000-year return period. Note, however, that at
higher probabilities of exceedance (e.g. for a 50% probability of exceedance in 75 years), the exponential

relationship in Equation 3-5 must be used.

Care must be exercised in choosing the exposure period, or design life, for an engineered facility. If the
design life is too short, the design earthquake ground motion can become so low that it has little chance of
representing the ground motion in a real earthquake. Also, while a design life of 50 years is commonly
assumed for economic analysis of many engineered structures, this rarely represents the true exposure
period for a transportation facility, especially for more critical structures. For example, the Manhattan
Bridge in New York City was opened to traffic in 1909. The bridge has now been in service for about
100 years. But, it is inconceivable that this bridge would be demolished today and chances are that with
routine maintenance it will be in service for at least another 50 years. However, if the designer assumes a
very long design life for a critical structure (e.g. 2500 years), the probabilistic desigh ground motions may
become exceedingly high, in some cases significantly greater than the median value of or even median
plus one standard deviation from the maximum magnitude earthquake for the site (particularly in areas of
high seismicity). For this reason, some seismic codes and design specifications place a deterministic cap
on the level of ground motions used in design.
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3.2.6  De-aggregation of Design Earthquake, Magnitude and Distance

While the uniform hazard spectrum (UHS) is the most common means of characterizing the seismic
hazard for use in design, some structural and many geotechnical analyses require additional information
about the design earthquake that is associated with the UHS, e.g. the earthquake magnitude. Magnitude is
used, for example, when developing acceleration time histories for structural and geotechnical time
history analyses. The UHS typically consists of contributions for many different combinations of
earthquake magnitude and distance. To obtain information on a representative earthquake magnitude, the
UHS can be decomposed into the contributions from individual seismic sources and the corresponding
magnitude and distance combinations through a process known as deaggregation. This process enables
the identification of the magnitude and distance combinations that make the most significant contributions
to the seismic hazard. The deaggregated magnitude information can also be used to determine the
representative magnitude for magnitude-dependent analyses, including the evaluation of liquefaction

potential, as well as for selection of representative time histories.

Selecting a design earthquake magnitude from the deaggregated magnitude data is complicated because
each spectral period in a UHS will have a different, unique magnitude deaggregation. The dependence of
magnitude deaggregation on spectral period occurs because the dependence of earthquake ground motion
attenuation upon magnitude and distance is different for every spectral period. The spectral acceleration
at short periods (including the zero period, or peak ground acceleration) tends to attenuate faster than at
longer periods. Furthermore, large magnitude earthquakes tend to have more energy at longer periods
when compared to smaller magnitude events. Therefore, magnitude deaggregation for shorter spectral
periods tend to be biased towards smaller magnitude and closer earthquakes compared to the magnitude
deaggregation for longer spectral periods. Table 3-3 illustrates this effect, presenting the magnitude
deaggregation for the seismic hazard at a site in Bakersfield, California at periods of 0.0 second (the
PGA) and 1.0 second (a frequency of 1 Hz) for a 2,500-year return period. For the PGA, almost 70% of
the hazard is associated with earthquakes of Magnitude 6.5 or less, and almost 92% of the hazard is
associated with an earthquake of magnitude 7 or less. At a period of 1 second, over 50% of the hazard is
associated with earthquakes of magnitude 7.5 or greater. Therefore, selection of a single representative
magnitude for design may still be a subjective decision made of the basis of engineering judgment. This
judgment should be guided by the engineer’s understanding of the sensitivity of the analysis for which

magnitude is required to spectral period.
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TABLE 3-3 MAGNITUDE DEAGGREGATION FOR BAKERSFIELD, CALIFORNIA,
FOR A 2500 YR RETURN PERIOD

Deaggregated Seismic Hazard PE = 2% in 50 years pga
Bakersfield CA 35.373 deg N 119.018 deg W PGA=0.42440 g
M<= 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
d<= 25. 0.000 18.239 18.339 32.288 18.484 0.000 0.000 0.000 0.000
50. 0.000 0.019 0.024 0.086 4.200 7.059 0.000 0.000 0.000
75. 0.000 0.000 0.001 O0.006 0.033 0.019 1.154 0.000 0.000
100. 0.000 0.000 O0.000 0.000 0.015 0.008 0.000 0.000 0.000
125. 0.000 0.000 O0.000 0.000 0.009 0.002 0.000 0.000 0.000
150. 0.000 0.000 O0.000 0.000 0.001 0.003 0.000 0.000 0.000
175. 0.000 0.000 O0.000 0.000 0.001 0.000 0.000 0.000 0.000
200. 0.000 0.000 0O0.000 0.000 0.007 0.002 0.000 0.000 0.000

Deaggregated Seismic Hazard PE = 2% in 50 years 1hz
Bakersfield CA 35.373 deg N 119.018 deg W SA= 0.38360 g
M<= 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
d<= 25. 0.000 0.957 2.329 17.096 16.216 0.000 0.000 0.000 0.000
50. 0.000 0.004 0.019 0.272 12.374 23.708 0.000 0.000 0.000
75. 0.000 0.000 0.001 0.019 0.254 0.208 26.228 0.000 0.000
100. 0.000 0.000 0.000 0.001 0.074 0.097 0.000 0.000 0.000
125. 0.000 0.000 O0.000 0.001 0.037 0.016 0.000 0.000 0.000
150. 0.000 0.000 O0O.000 0.000 0.006 0.029 0.008 0.000 0.000
175. 0.000 0.000 O0O.000 0.000 0.002 0.006 0.000 0.000 0.000
200. 0.000 0.000 0.000 0.000 0.015 0.025 0.000 0.000 0.000

Another complicating factor when selecting a design magnitude from deaggregation data is the distributed
nature of the magnitude data. Sometimes, the magnitude deaggregation falls in a narrow band, as
illustrated by the bold points in Table 3-3. In this case, selection of the dominant magnitude for a given
period is relatively straight forward. However, in some cases the magnitude distribution is broadly
distributed or multi-modal. Figure 3-10 graphically illustrates the bi-modal distribution of the
deaggregated seismic hazard for Augusta, Georgia, at a period of 1.0 second for a 2,500-year return
period. The deaggregated magnitude in this case is split between two major seismic sources: the M,, 7.3
Charleston source and the M,, 8.0 New Madrid source. While the Charleston source contributes a greater
percentage to the overall hazard (and is thus identified in the figure as the dominant source), the New
Madrid source is potentially more damaging to certain types of structures. Furthermore, if the site of
interest is moved closer to New Madrid and away from Charleston, the magnitude distribution would
become more weighted towards the larger New Madrid event. The choice of dominant magnitude is

therefore not that straight forward and requires engineering judgment.
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Figure 3-10 Magnitude Deaggregation for Augusta, GA, at 1.0 sec Period for a 2500-year Return
Period: Predominant Hazard is Charleston M7.3 Characteristic Earthquake

3.2.7 Deterministic Maximum Magnitude and Ground Motion Evaluation

In a deterministic seismic hazard analysis, individual earthquake scenarios (i.e. earthquakes of a specified
magnitude and location) are developed for each relevant seismic source. The design ground motion
parameter is then calculated for each earthquake scenario. Typically, either (i) the median (i.e. the zero
standard deviation), or (ii) the median-plus-one standard deviation (i.e., the 84-percentile confidence
limit) ground motion attenuation relationship is employed to compute the design ground motion
parameter, depending on the potential consequences of failure. The maximum value of this parameter
from all of the scenario earthquakes is then employed for design. The approach is ‘deterministic’ in the
sense that a single value of the design ground motion parameter corresponding to a deterministic

magnitude and distance is selected for design.

In practice, the scenario earthquake for each seismic source is usually some sort of maximum magnitude

event, e.g. the maximum magnitude expected in the currently known tectonic framework (sometimes
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termed the maximum credible earthquake, or MCE) or the maximum magnitude earthquake expected
during some specified exposure period (for instance, over a 100-year period). Furthermore, this
maximum magnitude event is usually placed at the closest approach of the seismic source to the site,
sometimes referred to as the “worst case scenario.” However, if the median ground motion attenuation
relationship is used, as is the current practice for many transportation facilities that use the deterministic
approach, the resulting ground motion will not, in fact, be a worst case scenario. When the median
attenuation relationship is used, 50% of the time an earthquake of the maximum magnitude occurs at the
specified location the ground shaking will exceed the median value. Furthermore, if the goal of the
deterministic analysis is to determine the most damaging event, it may be necessary to consider more than
one scenario event in the design analysis, as damage depends upon both the intensity of shaking and the
duration of shaking. So, it may not be possible to distinguish a priori whether the most damaging event is
a nearby relatively small magnitude event or a more distant larger magnitude event with a smaller

intensity.

3.2.8  Probabilistic versus Deterministic Analysis Methods

In the probabilistic seismic hazard approach, the relative likelihood of all possible and relevant
earthquake scenarios (all possible magnitude and location combinations capable of inflicting damage) are
considered along with the range of possible ground motion probability levels. Therefore, the probabilistic
approach incorporates uncertainties with respect to earthquake location, magnitude, and ground motion
attenuation, producing a weighted average of all possibilities that is a best estimate of the hazard
associated with seismic activity. For this reason, the probabilistic approach is often considered an
appropriate basis for making rational design decisions about risk versus benefit. The probabilistic
approach has been widely adopted by the engineering community for use in establishing design ground
motions. However, even after the probabilistic approach has been embraced, a decision still must be
made about the appropriate level of hazard to use in design.

For critical engineering facilities (e.g. lifeline bridges, hospitals, nuclear power plants, and high hazard
dams), engineers and other decision makers are sometimes uncomfortable with use of a probabilistically-
based design level. Oftentimes, the decision makers express a desire to design these critical facilities for
a so called worst case scenario. In such cases, the deterministic approach of employing a Maximum
Credible Earthquake (maximum magnitude earthquake) is sometimes used. However, as noted above,

the deterministic approach may not necessarily lead to a worst case ground motion prediction, particularly
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if the median attenuation relationship is used, due to uncertainties regarding ground motion attenuation.
Use of a median plus one standard deviation (84 percentile) ground motion level, as practiced for some
critical structures (e.g. high hazard dams and sometimes critical buildings such as hospitals and schools)
can provide a higher level of certainty regarding the maximum anticipated ground motions. However,
designing to an 84 percentile attenuation basis is not traditionally done by transportation agencies, as it
often results in extremely costly seismic design requirements. In fact, the risk associated with either the
median or 84 percentile ground motions from a deterministic seismic hazard analysis is unknown because
the analysis only considers uncertainty with respect to ground motion attenuation and does not consider

uncertainties with respect to earthquake location, magnitude, or rate of occurrence.

As noted previously, designing to an arbitrarily high probabilistic design level (i.e. a very long return
period) can also produce unrealistically high ground motions due to compounding of uncertainties at low
probability levels. One alternative approach that has been used for design of important facilities to
compensate for the deficiencies in both probabilistic and deterministic analyses is to combine these two
approaches. For example, Caltran’s seismic peer review panel and the state of California Seismic Safety
Advisory Board recommended the use of both probabilistic and deterministic ground motion levels
(including considering both median and median-plus one standard deviation values for the deterministic
scenario events) when setting the design ground motions for the Toll Bridge Retrofit Program in
California.

In summary, fundamentally there is relatively little difference in the basic methodology for deterministic
and probabilistic seismic hazard approaches. The probabilistic approach can be regarded as an approach
providing explicitly defined hazard levels in terms of return period or the annual rate of exceedance for
use in design: information that can then be the basis for design decisions balancing cost versus risk. The
estimated hazard from a probabilistic assessment can also be compared to the hazard associated with
other extreme environmental loading conditions to produce a balanced design. A probabilistic approach
also has the merit of being able to distinguish relative contributions to the hazard from the more active
versus less active faults. However, a deterministic hazard approach is simpler than a probabilistic
approach and can be conducted by most engineers (probabilistic analyses should preferably be conducted
by qualified professionals who specialize in this area). It is very difficult, and sometimes impossible, to
verify probabilistic solutions by independent checks. Furthermore, as noted previously, the results of
probabilistic hazard solutions can sometimes be unreasonable, or at least questionable, at very long return
periods (low probability levels). It is generally believed prudent to, as a minimum, employ deterministic

solutions as a sanity check on the results of probabilistic analyses for long return periods. To account for
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the large uncertainties associated with low probability levels, a median-plus-one standard deviation
deterministic hazard solution using maximum magnitudes can be regarded as an upper bound on the

results of a probabilistic hazard analysis when designing transportation facilities.

3.3 HAZARD LEVELS AND RETURN PERIODS FOR FUNCTIONAL AND LIFE SAFETY
DESIGN

3.3.1 Performance Levels for Seismic Design

The choice of the design ground motion level, whether based upon probabilistic or deterministic analysis,
cannot be considered separately from performance standard specified for the design event. Sometimes,
facilities may be designed for multiple performance standards, with a different ground motion level
assigned to each performance standard. Common performance standards used in design of transportation
facilities include protection of life safety and maintenance of function after the event. A life safety level
design earthquake criterion is routinely employed for all types of facilities in seismic design. Keeping a
facility functional after a large earthquake, a more rigorous requirement than simply maintaining life
safety, is often also employed for essential and critical facilities. An even more rigorous performance
standard is a no damage criterion. A no damage seismic performance standard is typically only required

for critical facilities, e.g. “lifeline” bridges.

Current AASHTO specifications employ a single seismic performance standard. The AASHTO seismic
performance standard for conventional (or ordinary) bridges is based upon preventing collapse and
protecting life safety: an ordinary bridge should not collapse and threaten life safety in the design event,
though it may suffer significant damage that requires complete replacement of the structure. AASHTO
seismic design provisions also note that more stringent performance standards may be appropriate for
critical and essential structures (AASHTO calls for bridges are to be classified by the owner as critical,
essential, and other (ordinary) bridges, in descending order of importance, depending on their function).
A critical bridge is a bridge that is expected to remain open to all traffic, including for emergency vehicles
and defense and security purposes, after the design earthquake. Essential bridges are bridges that are
expected to be useable by emergency vehicles and for security and defense purposes after the design
earthquake. Bridges that don’t fall into the categories are designated as ordinary bridges. Table 3-4
presents a two-level, performance-based, set of seismic design criteria for transportation facilities that

were developed for a proposed revision to the AASHTO LRFD seismic design specifications under the
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sponsorship of the National Cooperative Highway Research Program (NCHRP, 2001). Two levels of
design ground motions, (a ‘rare’ earthquake and an ‘expected’ earthquake), are specified for two different
performance standards: ‘life safety’ for ordinary facilities and ‘operational’ for critical facilities.
Performance criteria are specified for each ground motion level and performance standard. For instance,
in a ‘rare’ earthquake, an ordinary facility is expected to suffer significant disruption in service and
significant damage (but not loss of life), while a critical facility is expected to remain in service (for
emergency vehicles, at a minimum) with minimal damage. In the ‘expected’ earthquake, both ordinary
and critical facilities are expected to be serviceable after the earthquake, with an ordinary facility

suffering minimal damage while a critical facility should suffer only minimal to no damage.

TABLE 3-4 PERFORMANCE BASED SEISMIC DESIGN CRITERIA FOR
TRANSPORTATION FACILITIES (NCHRP, 2001)

; Performance Level”
‘Probability of Exceedance
For Design Earthquake Ground Motions®” Life Safety ' Operational
Rare Earthquake (MCE) Service® | Significant Disruption Immediate
3% PE in 75 years/1.5 Mean Deterministic | Damage® Significant * Minimal
Expected Earthquake Service Immediate Immediate
50% PE in 75 years Damage Minimal Minimal to None

Notes:
(1) Performance Levels

These are defined in terms of their anticipated performance objectives in the upper level earthquake. Life
safety in the MCE event means that the bridge should not collapse but partial or complete replacement

may be required. Since a dual level design is required the Life Safety performance level will have

immediate service and minimal damage for the expected design earthquake. For the operational
performance level the intent is that there will be immediate service and minimal damage for both the rare and
expected earthquakes.

(2) Service Levels’
¢ Immediate — Full access to normal traffic shall be available following an inspection of the bridge.

¢ Significant Disruption — Limited access (Reduced lanes, light emergency traffic) may be possible after
shoring, however the bridge may need to be replaced.

In the two-level criteria presented in Table 3-4, the ‘rare’ earthquake was defined as one with a 3%
probability of exceedance in 75 years (corresponding approximately to a 2,500-year return period), while
the ‘expected’ earthquake was one with a 50% probability of exceedance in 75 years, corresponding
approximately to a 100-year return period. The 2006 Edition of the Retrofitting Manual for Highway
Structures published by the Federal Highway Administration (FHWA 2006) also recommends a dual-
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level performance criterion for use when retrofitting bridges. This Manual uses the terms ‘upper’ and
‘lower’ level to describe the dual-level ground motions. The upper level motions have a return period of

1,000 years and the lower level motions have a return period of 100 years.

AASHTO first adopted a probabilistic approach to seismic design in 1981 with the publication of Guide
Specifications for Seismic Design of Bridges (AASHTO 1981). These specifications were an approved
alternative to the seismic provisions in the Standard Specifications for Highway Bridges in use at that
time and were based on a 500-year return period seismic hazard map prepared by USGS. In developing
the current AASHTO design criteria (AASHTO 2007, 2009), the two-level design approach proposed in
the 2001 NCHRP study (NCHRP 2001) was considered to be unjustified for most transportation facilities
in the US and thus was not adopted. Furthermore, when considering the return period for the “‘design’
earthquake (the term used in single-level design), 2,500 years was considered to be too long (too
inconsistent with the return periods for other natural hazards) and potentially too costly, especially in the
design of foundations. There was also concern that the cost of retrofitting existing bridges, many of which

were designed for a 500-year return period, to this new hazard level would be cost prohibitive.

Nevertheless the arguments for raising the hazard level were persuasive and in 2007 AASHTO elected to
adopt a 1,000-year hazard level for the design of ordinary bridges. This hazard level is used in both the
2008 interim of 4™ Edition LRFD Specifications (AASHTO 2007) and the LRFD Guide Specifications for
Seismic Bridge Design (AASHTO 2009). The Guide Specifications were developed under NCHRP
Project 20-07/193 which showed that the hazard level for the 2,500-year return period corresponds to a
shaking level at about the median-plus-one standard deviation level in many parts of country.
Considering Caltrans’ practice, which uses median attenuation models for setting the safety level limit
state ground motion criteria for ordinary bridges, it can be argued that a 2,500-year hazard level
(corresponding to the median-plus-one standard deviation ground motion in many areas) is too
conservative for ordinary (conventional) bridges. Hence, one can infer that the AASHTQO’s decision for
not accepting the 2,500-year return period and adopting a 1,000-year return period is appropriate. The
NCHRP 20-07/193 study also showed that the return period that best correlated with historical
earthquakes in various parts of the country varied widely, ranging from less than 500 years for the
seismically active western U.S. to close to 2,000-years in some parts of central and eastern U.S. Thus
AASHTO’s selection of a 1,000-year return period is a compromise which can be reconciled against
many of the historical earthquakes that have occurred in the central and eastern parts of U.S. (on a median

attenuation basis).
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AASHTO has no explicit requirements for checking bridge performance for more frequently occurring
ground motions than those that occur every thousand years, on average. But some owners may wish to
check that certain important bridges will remain functional in frequently occurring earthquakes such as
those with return periods of the order of a hundred years or so. In practice, where owners have chosen to
check functionality, the selected return period has varied from project to project, even within the same
geographic region. A 72-year return period has been used in California for toll road projects in Orange
County, CA, and for designing wharf structures in the ports of Los Angeles and Long Beach. A 92-year
return period has been used for the functional earthquake for the East Bay Spans of the San Francisco
Oakland Bay Bridge. However, for major bridge structures in less active seismic states, longer return
periods have been used for the functional earthquake. For example, 500 years has been used as the return
period for the functional level ground motion for the retrofit of the major water crossing bridges in New
York City and for design of the new Arthur Ravenal, Jr. (Cooper River) cable-stayed bridge in
Charleston, South Carolina. The decision on whether or not to design for functionality involves balancing
the risk of service disruption and the cost of disruption versus the cost associated with additional design
and construction or retrofit measures. While this decision is the owners’ responsibility, it is the
engineer’s responsibility to provide the owner with sufficient information with which to make this
economic decision and, having made the decision to use a functional level earthquake, to set the
functional level earthquake criteria on a project specific basis.

3.3.2 Return Period for Use in Design

As discussed above, a 1,000-year return period has been adopted by AASHTO for safety level design of
ordinary bridges. However, owners may choose to deviate from the 1,000-year return period ground
motion criteria for transportation facilities as the situation warrants it. The following are some of the

reasons that have been cited for deviation from the AASHTO criteria:

1) A longer return period may be justified for critical structures, when (a) the structure is part of a
lifeline route for emergency operations, or (b) an extended duration in loss of operation of the
structure would have an undue cost impact to the community. For these critical structures,
especially when they are complex structural systems such as long span water crossing structures,
project-specific ground motions and performance criteria should be developed with the assistance

of a peer review panel.
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2) A shorter return period may be justified, if (a) the capital cost for design of the structure to the
1,000-year return period is deemed too costly, (b) it is required by the owner and regulatory
agencies, or (c) in retrofit situations the existing facility has limited remaining operating life and the
facility is expected to be replaced. It is noted that the FHWA retrofit manual (FHWA 2006) does
not favor a reduction in the return period for older structures. Instead, the minimum level of retrofit
is adjusted to account for the remaining service life, with little or no retrofit recommended for a

bridge about to be closed or replaced.

3)  The return period may also be reduced when the 1,000-year return period ground motion is
excessive, e.g. when it is higher than a median-plus-one standard deviation ground motion from the
maximum credible earthquake. This situation is may occur in seismically active areas such as some
parts of California where the faults have relative short rupture recurrence intervals (i.e. rupture
recurrence intervals on the order of a few hundred years). For such situations, it is common to
place a deterministic cap on the probabilistic ground motions, e.g. the median-plus-one standard

deviation MCE ground motions.

3.3.3  Site Specific Analysis versus USGS National Seismic Hazard Maps

The AASHTO seismic design criterion is based upon the 2002 USGS National Seismic Hazard Maps.
However, owners can, at their discretion, use more recent versions of the USGS National Seismic Hazard
maps or commission site-specific seismic hazard analyses to determine design ground motion parameters.
The USGS hazard mapping efforts are comprehensive, employing state-of-the-art attenuation
relationships and regional workshops to gather local geological data and to develop consensus within the
geoscience community on the resultant seismic source models. This level of effort cannot be easily
duplicated and thus site-specific seismic hazard analyses are generally not justified for small scale
projects. Furthermore, site specific studies often result in discrepancies with the USGS maps and other
models for the predicted ground shaking that require investigation and explanation, often leading to
controversies and delay for the project. Therefore, site-specific seismic hazard studies should only be
exercised with good justification, conducted by qualified experts, and subject to peer review by experts in
regional seismicity and seismic hazard evaluation. In general, site specific seismic hazard studies for
transportation facilities are usually confined to major bridge projects (e.g. major water crossing bridges)
or regional transportation projects that cover a wide geographic area. Some of the justifications for

conducting a site specific seismic hazard analysis include:
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1)  Failure of a major transportation facility or disruption of a transportation network may have
tremendous impact on the local economy. Many transportation facilities may be classified as
important or critical structures, and some may be classified as lifeline structures. Hence, the
appropriate ground motion and especially the performance criteria may be considered to be
different from ordinary bridges. Projects that deviate from the 1,000-year return period would
therefore often be good candidates for site specific studies. For example, many of the water
crossing bridges in the east coast, including at New York City and the Arthur Ravenal, Jr. bridge in
Charleston, and the Tacoma Narrows Second Crossing Bridge in Seattle have adopted a 2,500-year
return period for seismic design. The California State Seismic Advisory Board and the Seismic
Peer Review Panel recommended a 1,500-year return period for seismic design of the San
Francisco-Oakland Bay Bridge East Span Replacement project. Due to the potential economical
impacts of service disruption for such structures, it is common for these projects to employ a site

specific seismic hazard analysis.

2)  Major bridges and viaducts are complicated structures and therefore often require time history
analyses. There is a high level of expertise required for generating the appropriate input time
histories to support design of such bridges. Therefore, such structures would logically be
candidates for site specific studies due to the requirement for developing input time histories.

A peer review process is recommended for any project that employs a site-specific seismic hazard
analysis. As major transportation projects of the type that require a site specific seismic hazard analysis
often involve oversight by a peer review panel, this peer review panel can often also be employed to
provide the proper review of results from a site specific ground motion hazard study.

3.3.4 Ground Motion Characterization

While a response spectrum developed in a probabilistic or deterministic seismic hazard analysis can be
input directly to a structural response analysis, more often than not a modified version of the spectra from
the seismic hazard analysis is used for structural design. In general, the acceleration response spectrum
from a seismic hazard analysis may be modified for use in design in two ways: 1) the shape may be
modified from the relatively peaked shape typically produced by a seismic hazard analysis to the more
truncated standard shape typically used in structural analysis; and 2) the amplitude of the spectral
ordinates may be modified to account for local soil conditions. As noted previously, a deterministic cap

may also be placed on a probabilistically-derived acceleration spectrum developed from a seismic hazard
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analysis in areas of high seismicity. This cap limits the amplitude of the spectrum in the short period
range. Furthermore, the USGS National Seismic Hazard Maps are produced for a site where the average
shear wave velocity within the upper 100 feet of the site profile ranges from 2,500 to 5,000 feet per
second (ft/sec). If the shear wave velocity in the upper 100 ft differs from this range of values, the design

response spectra must be modified to account for the local site conditions.

Modifications to the response acceleration spectrum developed from the USGS National Seismic Hazard
maps to develop the acceleration response spectrum for structural design purposes is generally based upon

the standard spectral shape shown in Figure 3-11.

Figure 3-11 Design Response Spectrum Constructed with the Three-Point Method

Three spectral ordinates, the spectral acceleration at 0.0, 0.2 and 1.0 seconds, are used to develop the
modified spectral curve shape from the seismic hazard analysis results. The values for these parameters
obtained from a seismic hazard analysis for soft rock site conditions, e.g. from the 2002 USGS National
Seismic Hazard Maps, are modified by site factors Fyg, (i.e., Feea), Fa and F, that depend upon Vsg, the

average shear wave velocity in the top 100 ft (30 m) of the site, to account for local site conditions when
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developing the acceleration response spectrum for structural design (these site factors are discussed in
detail in Section 3.4.7). This method of modifying the acceleration response spectrum, sometimes
referred to as the three-point method, was developed as part of the recommended seismic design
provisions from the National Earthquake Hazard Reduction Program (NEHRP). This three-point method
is employed not only in the AASHTO LRFD and NEHRP seismic design provisions but also in the
International Building Code (IBC). The primary difference among the NEHRP, AASHTO, and IBC
seismic design provisions is the return period used to determine the three anchoring spectral accelerations.
For example, while AASHTO uses the 1,000-year return period, the IBC multiplies the spectral ordinates
for a 2,500-yr return period by a reduction factor of 2/3. One important difference between the current
AASHTO procedure (described in Section 3.7) and the other versions of this procedure is that the current
AASHTO procedure uses the PGA to anchor the design spectrum at zero period. Other versions of this

procedure simply assumed the PGA to be equal to 0.4 times the spectral acceleration at 0.2 second.

Figure 3-12 compares the UHS acceleration response spectrum developed from the USGS National
Seismic Hazard mapping program data with the AASHTO truncated structural design spectrum developed
using the three-point fitting method for a site in Memphis, Tennessee for a 1,000-year return period.
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Figure 3-12 Comparison of USGS Spectra to AASHTO Spectra for a Rock Site in Memphis,
Tennessee (1,000-yr Return Period)

FHWA-NHI-11-032 3-Seismic Hazard Analysis
Seismic Design — Geotechnical Features 3-35 August 2011



Figure 3-12 clearly illustrates the truncation of the peaked USGS 1000-year return period UHS spectrum
to develop the spectrum for use in structural design, e.g. in a structural analysis that employs an elastic

response spectra and the principle of modal superposition to calculate structural response.

3.3.5 Correlation for Peak Ground Velocity

The Peak Ground Velocity (PGV) is an important parameter in both structural and geotechnical design
analyses. In structural design, it is generally acknowledged that damage potential is more closely
correlated to PGV than to any other single earthquake loading parameter. In geotechnical analysis, PGV
can be used in Newmark displacement analysis for predicting permanent seismically induced
displacement of slopes and earth retaining structures. USGS (in their national hazard mapping program)
does not provide maps for PGV. Therefore, it is often necessary to derive PGV for a representative
deterministic scenario event from an attenuation relationship or by correlation with other earthquake

parameters.

Several correlations between PGV and ground motion parameters were developed during the NCHRP 12-
70 project. After reviewing the available information, a revised form of a Peak Ground Velocity (PGV)
correlation suggested by Abrahamson (2005) for the estimation of PGV from the spectral acceleration at
one second (S;) was recommended in NCHRP 12-70 (NCHRP 2008). This correlation is given as:

PGV =0.3937 x10%43% 3-8

where PGV is in inches/sec,

C, =4.82+2.16log,, F, S, +0.013[2.30l0g,, (S,F, ) + 2.93]? 3-9

and S; is the spectral acceleration (in g) at a spectral period of 1 second and Fy, is the site factor for the
spectral acceleration at a period of 1 second. For design purposes, Equation 3-6 was simplified to the

following equation:

in

PGV(
Sec

] = 38-F,S, 3-10

FHWA-NHI-11-032 3-Seismic Hazard Analysis
Seismic Design — Geotechnical Features 3-36 August 2011



It is expected that in the future the USGS will include PGV in their national seismic hazard mapping
program and will provide map values for a 1,000-year return period. In that case, the S;-PGV correlation
will be replaced in favor of design PGV values from the USGS maps (unless PGV is available from the

results of a project-specific seismic hazard analysis).

3.3.6  Acceleration Response Spectra versus Displacement Spectra

The most common method of seismic design for bridges focuses on providing sufficient strength to resist
the earthquake force demands. This approach is called a ‘force-based’ approach and it employs
acceleration response spectra to calculate the earthquake demands. However, there is a growing trend in
bridge design to move away from ‘force-based” methods to ‘displacement-based’ methods where the
focus is on providing sufficient displacement capacity. This approach employs displacement response
spectra to calculate the earthquake displacement demands. A displacement response spectrum may be

derived from an acceleration response spectrum using the following equation:

T2

S, = S
“ (2n)? Tt

3-11

where Sy is spectral displacement, S, is spectral acceleration, and T is period.

The spectral displacement demand from the above equation is the relative displacement between the

center of mass of the structure and the point where ground motion is input to the structure.

3.3.7 Near-Fault (Near-Field) Directivity Effects

Research over the last 15 years (e.g. Sommerville et al., 1997) has shown that certain combinations of site
location, the configuration of the seismic source, and the direction of fault rupture can result in a
significant enhancement to the long period motions at a site that can result in directivity effects that can
be very damaging to certain structures, particularly in the near field, i.e. when the site is close (within 15
km) to the fault. Figure 3-13 illustrates the effect of directivity in near-fault ground motions by
comparing the velocity time histories from two sites subject to the 1992 M,, 7.2 Landers earthquake in
Southern California at the same distance from the earthquake epicenter but located in different directions
from the epicenter with respect to the direction of rupture propagation along the fault. It is seen in this

figure that the ground motion recorded during the earthquake at the station oriented in the direction of
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fault rupture propagation relative to the earthquake origin, the Lucerne recording station, is significantly
different from that recorded which is in opposite direction of fault rupture, the Joshua Tree station. The
Lucerne record shows a very large velocity pulse, with a peak ground velocity of 53.5 in/s, compared to
the Joshua Tree record, which has a much lower amplitude of peak ground velocity of 16.9 in/s, even

though the duration of shaking is longer in the Joshua Tree record.

Figure 3-13 Influence of Rupture Directivity on Velocity Time Histories Recorded at the Lucerne and
Joshua Tree Sites During the 1992 Landers Earthquake (Somerville et al., 1997)
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Figure 3-13 shows that if a site is located sufficiently near to a fault and the earthquake fault ruptures
toward the site, a ground motion with a very large velocity pulse can occur. Because these kinds of
pulses can be very damaging to long-period bridges, it is necessary to take special design measures in
these situations. However, the methods used to account for these near-fault directivity effects vary from
project to project, in part because the subject matter is still under research. In particular, the means for
guantifying the velocity pulse and relating it to structural response is still a subject of research, although a
time history analysis using appropriate time histories is one way this can be accomplished. The need to
consider near fault directivity is, in general, limited to those states with well-defined shallow active faults
(e.g. California, Washington, and Utah). Furthermore, only project sites within about 10 miles (15
kilometers) of the rupturing fault subject to relatively large magnitude earthquakes (M > 6.5) need be

considered for fault directivity effects.

3.3.8 Local Site Effects

As noted previously, local site conditions have a significant effect on the characteristics of earthquake
ground motions. The local site conditions effect needs to be properly taken into account when
establishing design ground motions. There are, in general, three methods that can be used to account for
the influence of local site conditions on earthquake ground motions: 1) the use of site factors to modify
the results of the seismic hazard analysis to account for local soil conditions; 2) the use of soil site
attenuation relationships to directly account for the local soil conditions in the seismic hazard analysis;
and 3) the use of site-specific site response analysis. Until recently, soil site attenuation relationships were
generally considered too crude to properly account for local soil conditions, as they tended to group all
soil sites into one or two site classes. However, a new generation of attenuation relationships that
discriminates among soil sites on the basis of the shear wave velocity in the upper 100 ft has recently
been developed for shallow crustal faults in the western United States. This new generation of
attenuation relationships, termed the Next Generation Attenuation (NGA) relationships, is discussed in
more detail in Section 3.8. The use of site response analysis to account for local soil conditions is

discussed in Chapter 5 of this document.

The use of site factors to account for the influence of local soil conditions on ground motion
characteristics is illustrated in Figure 3-11. Using the site factor approach, the three anchoring spectral
accelerations for the design response spectrum are modified by site response factors Fq, (for the PGA, or
spectral acceleration at a spectral period of 0.0 seconds), F, (for the spectral acceleration at 0.2 second

spectral period) and F, (for the spectral acceleration at 1 second spectral period). Note that on Figure
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3-11 the site response factor Fpg, (for the 0.0 second spectral period) is shown as equal to F, (for the 0.2
second period). While this is the case for the NEHRP spectrum, which assumes the PGA is 0.4 times the
spectral acceleration at 0.2 second spectral period, it may not always be the case for the AASHTO
spectrum (for which the PGA is evaluated independently). The values of Fyg, F, and F, depend upon
both the local site conditions and the amplitude of the associated spectral accelerations. Local site
conditions are defined on the basis of the average shear wave velocity for the top 100 ft of the site,
sometimes referred to as Vs, (the subscript “30” refers to 30 meters, the metric equivalent of 100 ft). Six
site classes, designated Site Class A through F, have been established on the basis of Vsz. These site
classes, referred to as the NEHRP site classes because they were initially established under the NEHRP
program, are shown in Table 3-5. Note that for Site Class F site factors cannot be used and a site-specific
response analysis must be conducted to evaluate the influence of local site conditions on seismic site
response. Also note that Site Classes C, D, and E can also be defined on the basis of the average Standard
Penetration Test blow count, N , or the average undrained shear strength, S,,. The average blow count, N,
is generally defined on the basis of the normalized, standardized blow count (N,)g, discussed in Chapter
4,

TABLE 3-5 NEHRP SITE CLASSIFICATION SYSTEM
SITE CLASS DEFINITIONS
AVERAGE PROPERTIES IN TOP 100 feet, SEE SECTION 1613.5.5
SITE SOIL PROFILE ]
CLASS MAME Soil shear wave velocity, v ;, (ft/s) |Standard penetration resistance, N | Soil undrained shear strength, 5, {psf)
A Hard rock v, = 5,000 N/A N/A
B Rock 2,500 <v, 5,000 N/A N/A
c Very dense soil and soft 1,200 <7, <2500 N =50 5, 22,000
rock
D Stiff soil profile 600<v, = 1,200 15=N< 50 1,000 = 5,= 2,000
Soft seil profile v, < 600 N<15 ¥, < 1,000
Any profile with more than 10 feet of soil having the following characteristics:
I. Plasticity index PI =20,
E - 2. Moisture content w = 40%, and
3. Undrained shear strength 5, < 500 psf
Any profile containing soils having one or more of the following characteristics:
1. Soils vulnerable to potential failure or collapse under seismic loading such as liquefiable
soils, quick and highly sensitive clays, collapsible weakly cemented soils.
F — 2. Peats and/or highly organic clays (H > 10 feet of peat and/or highly organic clay where
H = thickness of soil)
3. Wery high plasticity clays (H =25 feet with plasticity index PI =>75)
4. Very thick soft/medium stiff clays (H = 120 feet)

Table 3-6 provides values for the PGA site factor Fy,, Table 3-7 provides values of the short period (0.2-

second period) site factor, F,, and Table 3-8 provides values for the long period (1-second) site factor, F..
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These site factors are applied to the PGA, 0.2 second, and 1 second spectral accelerations, respectively.
The site factor Fog,, which is used to adjust the PGA (i.e. the zero period spectral acceleration), is based
upon F,. However, the intensity-dependent categories in the top row of Table 3-7 are divided by 2.5 to
create the values for F.g, in Table 3-6. For intensity values intermediate to the values at the top of the
columns in Tables 3-6, 3-7, and 3-8 linear interpolation is used. For intensity values less than the values
in the first column of these tables, the site factor values in the first column is used and for intensity values

greater than the values in the last column the values in the last column are used.

The site factors in Tables 3-6, 3-7, and 3-8 are used to create the three-point truncated design spectrum
that accounts for local site conditions. In most cases, these site factors are greater than 1.0 (and as great
as 3.5 in one case), resulting in amplification of the spectral accelerations by local site conditions. But for
hard, crystalline rock sites (i.e., Site Class A, sites where Vs is in excess of 5,000 ft/s) the site factors are
equal to 0.8, resulting in reduction of the spectral accelerations from the seismic hazard analysis. The
site factors are also less than 1.0 for short period (0.2 second) spectral accelerations in excess of 1 g (and
therefore for PGA values in excess of 0.4 g) for Site Class E (Vsz less than 600 ft/s), where the low shear
strength of the soil limits the intensity of the ground motions. Note that site factors are not given in Table
3-6, 3-7, and 3-8 for Site Class F. A site-specific geotechnical investigation and dynamic site response
analysis is recommended to evaluate the influence of local soil conditions on the site response for Site
Class F.

TABLE 3-6 VALUES OF F,3: AS A FUNCTION OF SITE CLASS AND THE SITE
CLASS B PEAK GROUND ACCELERATION
Mapped Spectral Response Acceleration at Short Periods
Site Class PGA<0.1g PGA=0.2g PGA=03g PGA=04g PGA205g
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
c 12 12 1.1 1.0 1.0
D 1.6 14 1.2 1.1 1.0
E 25 1.7 1.2 09 0s
F a a a a a

Table notes: Use straight interpolation for intermediate values of Ss, where Ss is the spectral acceleration and 0.2 second obtained from
the ground motion maps.

a Site-specific geotechnical investigation and dynamic site response analyses shall be performed (Article 3.4.3)
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TABLE 3-7 VALUES OF F, AS FUNCTION OF SITE CLASS AND THE SITE CLASS B

SHORT PERIODS (0.2 SECONDS) SPECTRAL ACCELERATION

Mapped Spectral Response Acceleration at Short Periods
Site Class 5,£0.25¢ S, =0.50 g S.=075¢ 5, =1.00g S.21.25¢

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
c 12 1.2 1.1 1.0 1.0
D 16 14 12 1.1 1.0
E 25 17 1.2 09 0.9
F a a d a d

Table notes: Use straight interpolation for intermediate values of Ss, where Ss is the spectral acceleration and 0.2 second obtained from

the ground motion maps.

a Site-specific geotechnical investigation and dynamic site response analyses shall be performed (Article 3.4.3)

TABLE 3-8

Table notes: Use straight interpolation for intermediate values of Ss, where Ss is the spectral acceleration and 0.2 second obtained from

the ground motion maps.

VALUES OF F, AS AFUNCTION OF SITE CLASS AND THE SITE CLASS B
LONG PERIOD (1 SECOND) SPECTRAL ACCELERATION

a Site-specific geotechnical investigation and dynamic site response analyses shall be performed (Article 3.4.3)
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3.3.9 Representative Ground Motion Time Histories

While the response spectrum method is the most common method of seismic analysis for conventional
structural seismic design, many geotechnical analyses and some of the more complex structural analyses
require the input of representative acceleration time histories for the design earthquake. The process of
developing appropriate time histories for these analyses generally starts with establishing the target
response spectra (median and plus and minus one standard deviation spectra). Then, time histories for use
in the design analyses are developed by first selecting a candidate set of appropriate naturally recorded
strong motion records (sometimes referred as the startup time histories or seed time histories). These
candidate time histories are usually based on the peak ground acceleration, earthquake magnitude, and
other relevant seismic source characteristics (e.g. source mechanism, strong motion duration, arias
intensity or energy content). The candidate strong motion records are then scaled so that the resultant
response spectra for the strong motion records best match the target design response spectra. Ideally, the
suite of candidate time histories should average out to the median spectrum and “fill the envelope”
between the plus and minus one standard deviation spectra. The accelerations of a candidate records may
be scaled by a constant factor to meet this criterion. Candidate records may also be modified in the time
or frequency domain to match the target spectrum, if necessary. Modification of candidate time histories

to match the intended design response spectrum will be further discussed in the next section.

There are various approaches to the selection of candidate ground motions for time history design
analyses. These approaches typically involve selecting the candidate time histories from one of the many
available catalogs of time histories on the basis of peak ground acceleration, seismic source mechanism,
earthquake magnitude, and other earthquake parameters. One of the more comprehensive catalogs of
earthquake ground motions is the one developed by the Nuclear Regulatory Commission for use in design
of Nuclear Power Plants (NUREG/CR-6728: Technical Basis for Revision of Regulatory Guidance on
Design Ground Motions: Hazard- and Risk Consistent Ground Motion Spectra Guidelines). NUREG/CR-
6728 provides a catalog of over 500 sets of three component time history records classified into (1) two
tectonic regions: the western US (WUS) and the central and eastern U.S. (CEUS), (2) two site classes:
rock or soil sites, and (3) magnitude (M- 5to 6, M- 6 to 7, and 7+) and distance (R from 0-6 miles, 6 to 30
miles, 30 to 60 miles and >60 miles) . The Nureg/CR-6728 report also includes a set of CD-ROMs
containing the time histories. The NUREG time history records for the WUS are actual recordings while,
due to lack of actual data, the CEUS NUREG records were developed by modifying WUS records to
account for differences in seismic source and crustal properties between the two regions based on

seismological modeling. The Pacific Earthquake Engineering Research Center (PEER) and the State
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California Department of Conservation (Strong Motion Instrumentation Program-CSMIP) in California
are other sources of databases for earthquake time histories. However, these two data sets are biased
toward strong motion records for the WUS The Multidisciplinary Center for Earthquake Engineering
Research (MCEER) also maintains a catalog of earthquake time histories, providing some strong motion

records relevant to the CEUS. See http://peer.berkeley.edu/products/strong_ground motion_db.html for

the PEER database and http://mceer.buffalo.edu/infoservice/Reference Services/strongMotionGuide.asp
for the MCEER database.

After establishing a data set of appropriate strong motion records, subsequent steps in developing a set of

time histories for use in design involves establishing:

1)  The target ground shaking spectra
2)  The number of input time histories

3)  The specific time history records to be employed

The following discussion provides some general guidance on this subject matter.

The uniform hazard spectra from a probabilistic analysis and/or a deterministic scenario earthquake are
common bases for setting the target response spectra for selection of candidate time histories. The 1,000-
year UHS adopted by AASHTO generally serves as the appropriate target spectrum for most ordinary
bridges and other transportation facilities within the transportation network for the life safety performance
goal. Then, a representative magnitude and distance can be selected based upon the magnitude
deaggregation of the UHS and deterministic median and plus and minus one standard deviation spectra
for the representative event can be generated using one of the available attenuation relationships. Note
that if the mean spectrum does not conform to the UHS over the period range of engineering the selection
of the representative magnitude and distance should be reconsidered. Critical facilities (e.g. major water
crossing long-span bridges) might involve the use of other project specific ground motion criteria for

design, as discussed earlier.

With respect to the number of time histories adopted for design, theoretically the number of time histories
should be sufficiently large so that the median and variability (standard deviation) of the demand
predicted by the time history analyses is statistically stable. The number of time histories to achieve this

objective may depend on the application as well as specifics of the adopted procedures for modifying the
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startup time history records. The most basic objective in a design analyses, predicting the peak response,
generally requires a fewer number of input time histories to achieve statistical stability then design

objectives such as predicting permanent deformation.

Generally accepted practice is to use a minimum of 3 sets of input time histories for a time-history
analysis. However, three sets of input motions are generally insufficient to achieve the desired statistical
stability for the demand. Therefore, it is common practice to employ the maximum response from a set of
three input motions (rather than the median response) for design purposes. The IBC calls for the use of at
least seven sets of input motions if the median response from a time-history analysis is to be employed.
This same criterion for the number of time histories has been used on some recent bridge projects.
However, for very complex or unusual structures (e.g. for bridges involving isolation devices), the
designer may chose to design the structure for the maximum response even if a minimum of seven sets of

input motions are employed.

The use of naturally recorded time histories is generally preferred to the use of modified or synthetic (i.e.
numerically generated) time histories. To select an appropriate data set of candidate strong motion
records, the designer usually identifies a set of records from available databases based upon the
appropriate tectonic conditions, magnitude, site-to-source distance, peak ground acceleration, and site
class (e.g., rock or soil site). To narrow this data set down further, other strong motion parameters,
including the duration of strong shaking and Arias intensity, may also be used as a basis for
discriminating among records for analysis. The response spectra for the reduced set of candidate records
can then be compared to the target response spectra for the design earthquake. The final suite of time
histories is selected based upon the goal of conforming, on the average, to the median spectrum for the
representative event or to the UHS from a probabilistic analysis and filling the envelope between the plus
and minus one standard deviation spectra from the representative event. If necessary, records can be
manipulated to meet this goal. However, it is preferable to minimize changes to the selected time history
records, thus the response spectrum from the selected candidate time histories should be as good a match

as available to the target spectra over the range of period of design interest.

If the candidate time histories selected for design must be manipulated, simple constant scaling of the
acceleration is preferable to other methods of time history manipulation. However, some transportation
projects may employ spectrum-compatible motions (motions that closely conform to the UHS or median
spectrum for the scenario earthquake). Development of spectrum compatible motions usually involves

complex manipulation of a natural time history to fit the smooth UHS target spectrum (or median
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spectrum from the representative event). A spectrum compatible time history is illustrated in Figure 3-14.
Some engineers do not approve of the use of spectrum compatible time histories, as they do not, in
general, simulate real earthquake ground motions. Even if a spectrum compatible time history approach
is employed, it is desirable to minimize the degree of modification to the original time history record by
selecting records that have a reasonable initial match to the target spectrum in terms of the amplitude and

overall spectral shape.

An important step in the process of selecting appropriate time histories for use in design involves
comparing the response spectrums of the selected records to the target spectrum. There are a variety of
free computer software tools available for this purpose. SEISMOSIGNAL is a free program for
processing strong motion records, including plotting response spectra and calculating duration and Arias
Intensity. SEISMOSIGNAL can be downloaded at www.seismosoft.com. PEER and the California
Geological Survey have developed an automated program with an associated library of strong motion
records for selection of design time histories called the Design Ground Motion library, or DGML
(Powers, 2004; Powers et al., 2004). The trial version of the DGML allows the user to generate target
spectra from three common WUS attenuation relationships or to input their own project-specific target
spectrum (e.g. the 1,000-year uniform hazard spectrum for an AASHTO project). The user then specifies
the range of strong motion parameters that will be employed to screen the DGML database for the
appropriate time history records. Screening parameters include fault type(s), and ranges for acceptable
magnitudes, Joyner and Boore distance, the shortest distance to the fault rupture plane, and average shear
wave velocity in the upper 100-ft at the recording station. Other parameters specified by the user include
the scaling procedure and the period range of interest. The DGML then generates a list of candidate
earthquake records which satisfy the defined screening parameters and automatically ranks the seven best
candidate records based on minimizing the mean square error between the spectral acceleration of a
record and the target spectrum and a user-defined period weighting scheme. The DGML is still in a
development stage and its status for public distribution is not clear. Nevertheless, this discussion should

provide some appreciation of the steps involved in selecting the appropriate time histories for design.

Other methods for selecting representative time histories do exist. Kottke and Rathje (2008) present a
semi-automated procedure for selecting scaling factors and ranking input motions for fitting a target
acceleration response spectrum. The Kottke and Rathje (2008) method represents one of the few studies
describing a systematic automated algorithm for selecting ground motion time histories and their
corresponding scaling factors. This method is specific for natural time history records to which a constant

scaling factor is applied.
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3.3.10 Adjusting Time Histories to a Target Spectrum

Best practice for selection of startup time histories for use in seismic design is to employ actual recorded
acceleration time histories whenever possible, as opposed to manipulated records or artificially generated
synthetic records. However, even when actual recorded time histories are used, some modification of
these time histories is generally required to match the target spectrum. The simplest form of time history
modification is simple scaling of the accelerations in a record by a constant factor. Scaling of a recorded
time history by a factor between 0.5 and 2.0 is a non-controversial process that is widely accepted.
However, scaling by factors outside of this range must be done with caution and is subject to argument.
Even after it is scaled, a naturally recorded time history will usually fit the target spectrum over only a
very narrow range of spectral periods. Therefore, a suite of scaled time histories is generally required to
encompass the entire design spectrum. As noted above, a minimum of three and preferably seven scaled
time histories are usually employed in a time history analysis. If three time histories are used the
maximum response is generally used in design, while if seven time histories are used a median response

can be employed in design.

Many engineers prefer using only constant scaling to modify time histories for use in design, as opposed
to modification of records in the time or frequency domain. The preference for constant scaling only is
based upon the belief that this is the best way to preserve the phasing characteristics of the time history
record and the correlation among the three orthogonal components of a ground motion. However, the
computational effort required for a design analysis that employs multiple time histories can be significant,
particularly if seven sets of three-component time histories are used. This large computational effort may
present significant practical problems for design applications. To limit the number of time histories
employed in design for practical reasons, some bridge design analyses employ spectrum-compatible time
histories. As illustrated in Figure 3-14, a spectrum-compatible time history record is developed by
modifying the candidate time history in the time and frequency domain so that it closely conforms to the
design spectrum. Even in a spectrum compatible motion analysis, it is recommended to use 3 (or more in
some cases) sets of spectrum compatible motions to achieve a statistically stable response result. The
argument against this type of analysis is that a spectrum compatible time history may not represent a
realistic earthquake ground motion. The argument in favor of this type of analysis is that it can

significantly reduce computation effort.

There are two basic ways to modify naturally recorded startup motions to develop a spectrum-compatible

motion: (1) time domain adjustment (Lilhanand and Tseng, 1988) and (2) frequency domain adjustment
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(Silva and Lee, 1987). There are relative merits for both approaches and, ultimately, the best way to
achieve spectrum-compatibility of the resultant motion would be the one that makes the least changes to
the original startup motion. Development of spectrum compatible design motions should only be done by
engineers experienced with these procedures. Further discussion on this topic is provided in Lam and
Law (2000).

Figure 3-14 Representative Scaled versus Spectrum-Compatible Adjusted Motion
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3.3.11 Spatially Varying Ground Motions

Because transportation systems are lineal systems that extend over large distances, it is sometimes

necessary to consider the effect of the spatial variation of earthquake ground motions across the project

site. This usually involves analyzing the system (e.g. a long-span bridge, multi-span viaduct, or a tunnel)

with input motions that differ from support to support. In such circumstances, time histories of both

acceleration and displacement are required at each support.

Several factors contribute to spatial variability and these include:

1)

2)

3)

4)

Wave Passage Effect. The wave passage effect is due to non-vertical wave propagation and

produces systematic time shifts in the arrival of the seismic waves at each support. This effect can
be modeled by applying a time shift to each support time history. Based on field measurements, an
apparent wave speed of 8,250 ft/s may be used to calculate this time shift. This velocity is toward
the lower end of the range of measured apparent wave speed, leading to somewhat conservative

(upper bound) estimates of the time shifts.

Attenuation over Distance. When the seismic source is close to a long structure, the different

distances to the various support locations can result in different ground motions at each support due
to the attenuation of the ground motion with distance. Conventional attenuation relationships may

be used to estimate this difference in the ground motions.

Complex Wave Scattering. Wave propagation can result in spatial incoherency (spatial

differences) in both the amplitude and phase of the ground motions. These effects are sometimes
referred to as wave scattering effects and are observed empirically in the recorded data from closely
spaced strong motion instruments. Empirical models for the coherency function for the horizontal
and vertical components of ground motion have been developed by Abrahamson (1992) and are
shown in Figure 3-15 and Figure 3-16. These plots show that the degree of coherency decreases,

and incoherency increases, at higher frequencies and larger spatial distances.

Variation due to Local Soil Condition. The change in soil profile and soil properties across a site

can lead to significant variations in ground motions at or near the ground surface. This is perhaps
the most significant source of spatially-varying input for most cases. Variations in local soil

conditions are generally accounted for by conducting site response analyses for representative soil
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columns at each support. Each soil column is subjected to the free-field design ground motion at its
base and the difference in response of the soil columns is assumed to represent the variation in
motions due to local soil conditions.
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Figure 3-15 Coherency Function for Horizontal Component Motion (Abrahamson, 1992)
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Figure 3-16 Coherency Function for Vertical Component Motion (Abrahamson, 1992)

Each of the above phenomena can contribute to differences in the ground motions at the supports of a
long bridge or tunnel. However, experience has shown that the effect of the first three phenomena is
usually very small and may be ignored, with the exception of the wave passage effect on long span
structures. The most important factor contributing to differential ground motion is likely to be variability
in the soil conditions from support to support. It is most important to include this factor when developing
spatially varying, multiple support motions for use in time history analyses. Both displacement and
acceleration time histories may be required to correctly model the response of a bridge, although some
computer programs will compute one from the other if both are not available. Approximate methods that
use a modified response spectrum to account for the spatial variability of ground motions, thereby

avoiding time history analysis, have been proposed but not yet been shown to be reliable.
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3.3.12 Vertical Ground Motions

The subject of vertical ground motions sometimes leads to heated debates among academics and
practicing engineers. An in-depth discussion on this subject is outside the scope of this document. A

brief discussion of the issues surrounding vertical ground motion is given below.

1)  Few structural design codes and specifications and essentially no geotechnical design provisions

require consideration of vertical ground motions.

2)  Vertical design spectra are not available from the USGS National Seismic Hazard mapping
program. If vertical motions are to be considered in design, project-specific generation of vertical

ground motions and/or spectra will be necessary.

3)  The method of most technical merit for the development of a vertical ground motion spectrum
makes use of the magnitude and distance data from the deaggregation of the hazard curve and an
appropriate attenuation relationship to develop a period dependent V/H (vertical to horizontal)
ground motion spectrum ratio. This V/H function can then be applied to the horizontal design

spectrum to generate a target vertical spectrum for design.

4)  In many situations (particularly for the CEUS) an appropriate attenuation relationship for vertical
ground motions may not exist. In these circumstances, the rule of thumb of scaling the horizontal
design response spectrum by 2/3 can be used to develop a target vertical spectrum for design
However, this rule-of-thumb can break down at high frequencies (i.e. at spectral periods less than
0.15 second), especially where the site to seismic source distance is less than 50 km. Use of the
2/3" rule-of-thumb procedure for bridges with short fundamental periods and close to active faults

is therefore not advised.

Some investigators have suggested the use of one-dimensional wave propagation theory to account for the
influence of local soil conditions on vertical ground motions. However, it is not clear that one-
dimensional wave propagation theory (the most common approach in a site-specific response analysis —
see Chapter 5 of this report) is the proper approach to account for the impact of local soil conditions on
vertical ground motions. Experience indicates that modeling the propagation of compressional waves
using a one-dimensional soil column model usually leads to unrealistic vertical motions, especially at
high excitation levels. Until further studies are available, it is recommended to rely on empirical
adjustments for local soil effects (e.g. establishing the spectral period-dependent V/H ratio based on
attenuation relationships) when developing acceleration spectra for vertical ground motions if they are
required for analysis.
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3.4 DEVELOPMENT OF AASHTO ACCELERATION RESPONSE SPECTRUM

In most situations, the seismic design of a conventional bridge is based on the 1,000-yr return period
national seismic hazard maps developed by the USGS for AASHTO in 2007. These maps provide the
spectral acceleration at periods of 0.0, 0.2, and 1.0 seconds for use in constructing the acceleration design
response spectra shown in Figure 3-11 in accordance with the AASHTO LRFD Specifications (2007,
2009). The FHWA Retrofitting Manual (2006) uses the same maps and procedure.

1,000-yr return period maps were not part of the original 2002 National Seismic Hazard mapping project
but were developed by USGS specifically for AASHTO. Originally only available on a special CD
provided by AASHTO, the computer program and database developed by USGS for AASHTO to
evaluate the 1000-yr return period ground motions is now available for download from the USGS seismic

hazard website at http://earthquake.usgs.gov/hazards/designmaps/aashtocd.php . The program provides

spectral accelerations for the reference AASHTO weak rock site class, Site Class B, along with routines
for adjusting these reference site values for local site conditions based upon Vsg, using the procedure
described in Section 3.5.5. Values of spectral accelerations for a 1,000 year return period from the most
recent National Seismic Hazard map can also be obtained from the USGS website if the owner decides to
use this data in design. The balance of this section steps through the use of both the USGS website and
the USGS/AASHTO CD ROM to evaluate the 1,000-yr return period design response spectra and use of

the USGS website for estimation of the associated magnitude deaggregation.

In some special cases, e.g. for major bridge projects or in regions where there have been significant
advances in the understanding of the local seismic environment since development of the USGS National
Seismic Hazard maps, a site-specific seismic hazard analysis may be justified. In such cases, the
qualified professionals conducting the site-specific analysis can provide the designer with the uniform
hazard response spectra for any desired return period and the associated magnitude deaggregation for any
specified spectral period. However, unless an attenuation relationship that accounts for local site
conditions (e.g. one or more of the Next Generation Attenuation relationships described in Section 3.5) is
employed in the seismic hazard assessment, the results must still be corrected for local site conditions.
This correction can be accomplished using either the procedure described in the next section to correct the
spectral acceleration values for Vs, or a site-specific seismic response analysis as described in Chapter 5.
Furthermore, if a modal superposition structural analysis is going to be conducted, the AASHTO design
spectra must still be generated from the site-corrected spectral acceleration values as described in the
Section 3.3.8 of this chapter.
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3.4.1 Use of the USGS Website

To obtain the anchoring points for the AASHTO 1,000-yr response spectrum (or for any other desired
return period) from the USGS website, the Seismic Design Values for Buildings option at
http://earthquake.usgs.gov/research/hazmaps/design/ must be used. Figure 3-17 shows the initial screen
for this page of the website.
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: Building Seismic Safety Council (BSSC) Seismic Design Procedures Reassessment Group (SDPRG —aka.,
Project '07) Workshop.

& Internet H100% -

Figure 3-17 Initiation Screen for the Seismic Design Values for Buildings option

Clicking on the link for the Java Ground Motion Parameter Calculator — Version 5.0.8 (4.6 MB), circled
in bold at the bottom of the screen shown in Figure 3-17, will bring up a dialog box for this application.
Clicking on the OPEN button in the dialog box brings up the screen shown in Figure 3-18 for Seismic

Hazard Curves, Response Parameters, and Design Parameters.
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Figure 3-18 Initial Screen for Seismic Hazard Curves and Uniform Hazard Response Spectra

Clicking the OKAY button on the lower right of Figure 3-18 brings up the basic input screen shown in
Figure 3-19. The essential information for obtaining the reference site class (Site Class B) peak ground
acceleration and spectral accelerations for 0.2 second and 1 second periods for the 1,000-yr return period
(or any other return period desired) is input on this screen. To obtain values for the 1,000-yr return
period, the “Probabilistic Seismic Hazard Curve” option in the pull-down menu at the top of the screen in

Figure 3-19 must be selected. This will bring up the screen shown in Figure 3-20.

The latitude and longitude for the site is entered into the appropriate boxes in the center of the screen in
Figure 3-20 and a 1,000-year return period is selected in the drop down menu at the bottom of the screen.
(Note: the search by zip codes option is not recommended, as some zip code areas are excessively large.)
Then, by clicking on the CALCULATE button at the very bottom of the screen, the screen shown in
Figure 3-21 will appear. The data points for the PGA seismic hazard curve and the singular value for
PGA corresponding to a 1,000-yr return period are provided in this screen. For illustration purposes, the
San Francisco-Oakland Bay Bridge East Span location was arbitrarily chosen as the input location for the
screen shown in Figure 3-20. The coordinates employed in the demonstration (latitude 37.814° north and

longitude -122.359° west) corresponds to the far eastern point of the East Span at Yerba Buena Island. As
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shown in Figure 3-21, the PGA corresponding to a 1,000-yr return period for the Site Class B reference

condition at this location is 0.571 g. The reference site condition spectral accelerations for periods of 0.2

and 1 second are then generated by selecting “Hazard Curve for 0.2sec” and “Hazard Curve for 1.0sec”

from the Seismic Hazard Curve drop down box near the bottom of the screen of the left hand side and

clicking the calculate button for each of the seismic hazard curves. The resulting screens, shown in

Figure 3-22 and Figure 3-23, show that for the Site Class B reference condition at this location and a

1,000-yr return period the spectral acceleration for 0.2 second period is

acceleration for 1.0 second period is 0.608 g.
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Figure 3-22

Figure 3-23
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The PGA and spectral accelerations for the Site Class B reference site condition must still be adjusted for
site-specific ground conditions using the Site Class factors presented in Tables 3-6, 3-7 and 3-8.
Assuming Site Class C for illustration purposes, Table 3-6 yields a value for Fyg,, the PGA site factor, of
1.0 for PGA values in excess of 0.5 g. Table 3-7 yields a value for the F,, the short period site factor, of
1.0 for short period (0.2 second period) spectral accelerations in excess of 1.25 g.  Table 3-8 yields a
value of F,, the long period site factor, of 1.3 for spectral accelerations at 1.0 second in excess of 0.5 g.
To calculate the appropriate spectral values for Site Class C, the PGA is multiplied by Fg, (i.e. multiplied
by 1.0 for this example) the 0.2 second spectral acceleration is multiplied by F; (i.e. multiplied by 1.0 for
this example), and the 1.0 spectral acceleration is multiplied by F, (1.3 for this example). Applying these
site factors to the reference site class (Site Class B) values yields a site class-corrected value of 0.571 g
for the PGA, 1.39 g for the spectral acceleration at 0.2 second, and 0.792 g for the spectral acceleration at

1.0 second for Site Class C at the example site for a 1,000-yr return period.

The Site Class C PGA and spectral accelerations can then be used to construct the AASHTO design
spectrum in accordance with Figure 3-11. As shown in this figure, the anchoring periods for the plateau
of the ASSHTO spectrum, T, and T,, are calculated as follows: T, is calculated as the spectral
acceleration at 1.0 second divided by the spectral acceleration at 0.2 second and Ty is calculated as 0.2 Ts.
For the example above, this procedure yields T = 0.792/1.39 = 0.57 second and T, = 0.2T, = 0.11 second.
The resulting AASHTO design spectrum for the example site for a 1,000-yr return period for Site Class C
is shown in Figure 3-24. Spectral acceleration values at spectral periods greater than 0.57 second can be
calculated by assuming that the spectral acceleration decays as 1/T in this range. Based upon this
assumption and a spectral acceleration of 0.792 at 1 second, the following values can be calculated for the
spectral acceleration, S,, at periods greater than 0.57 g: S, =1.056 at T = 0.75 sec; S; =0.528 at T = 1.5
sec; S, =0.39%atT=2sec;S;,=0317atT=25sec; S;=0.264at T=3.0sec; S,=0.198 at T = 4.0 sec.
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Figure 3-24 Bay Bridge Site AASHTO Design Spectrum for Site Class C Conditions

3.4.2 Use of the USGS/AASHTO CD

The initial screen for the 1,000-Year Ground Motion CD produced by the USGS for AASHTO is shown
in Figure 3-25. After clicking the “Okay” button on this initial screen, the screen shown in Figure 3-26
appears. As shown in Figure 3-26, the next step after initiation of the ground motion CD program
involves inputting the site location, either in terms of the geographic coordinates (latitude and longitude)
or the zip code. As noted before, use of geographic coordinates is more accurate and the use of the zip
code option is not recommended. In the following example, we use the same location employed to
illustrate the AASHTO design spectrum in Figure 3-11: a site in Memphis, Tennessee with latitude 35.18°
north and longitude -89.97° west. After inputting the site location, the desired hazard level is selected (in
this example, a 7% probability of exceedance in 75 yr, corresponding to the 1,000-yr return period).
Next, upon clicking the “Calculate PGA, Ss, and S;” button, the program provides the three design
spectrum anchoring points, i.e. the spectral accelerations at 0.0, 0.2, and 1.0 seconds, for the reference
Site Class B site condition of an average shear wave velocity over the top 100 ft of between 2500 and
5000 ft/s. For the example site location, the three anchoring points provided by the program are 0.388 g
for the spectral acceleration at 0 seconds (the PGA), 0.725 g for the short period spectral acceleration, S
(i.e. the spectral acceleration at 0.2 second), and 0.185 g for the long period spectral acceleration, S, (i.e.

the spectral acceleration at 1 second).

FHWA-NHI-11-032 3-Seismic Hazard Analysis
Seismic Design — Geotechnical Features 3-60 August 2011



iy |AASHTO Earthquake Ground Motion Parameters E. ¥. Leyendecker, A.D. Frankel, and K. ... E”E|r§__(|
File Help

AASHTO Guide Specifications for
LRFD Seismic Bridge Design

This program allows the user to obtain seismic design parameters for sites in the 50 states of
the United States, Puerto Rico and the U.S. Virgin Islands. Ground motion maps are also
included in PDF format.

Click on Okay to begin calculation.
Correct application of the data obtained from the use of this program andfor maps fs the

responsibility of the user. This software s not & substitute for technical knowlsdge of selsmic
design andior analysis.

aUSGS

200 R A AN AT

Figure 3-25 Initiation Screen in the USGS/AASHTO Ground Motion CD
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Following the evaluation of the spectral accelerations associated with the reference Site Class B site

condition, the site soil factors are calculated by clicking the “Calculate As, SDs, and SD1” box in Screen
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2 (Figure 3-26). Upon clicking the “Calculate As, SDs and SD1” box, the screen shown in Figure 3-27
appears showing the NEHRP site factors for site classes A, B, C, D, and E. At this point, the user selects
the appropriate site class from the box on the left hand side of the screen in Figure 3-27. In this example,
we elected to conduct the analysis for Site Class D. Upon clicking the “Site Class D” box on the left hand
side of the screen, interpolated site coefficient factors of Fyg, = 1.11, F, = 1.22, and F, = 2.06 will be used
to scale the reference site class (Site Class B) values for the PGA (0.388 g), S, (0.725g) and S, (0.185g) ,

to the appropriate site specific values for Site Class D.
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Figure 3-27 Screen No. 3: Site Factor Table.

After clicking the “OK” tab at the lower left corner of Screen 3 in Figure 3-27, the program produces the
screen shown in Figure 3-28 with a tabulation of the spectral accelerations for the three anchoring periods
for the Class D design spectrum (As = Fpg X PGA = 0.473; Sps = F, X Sg = 0.884; Sp; = F, x S; =0.381)

along with the values for the initial reference Class B site condition.

From the screen in Figure 3-28, the user has the option of plotting the spectrum for the reference Class B

site by clicking the “Map Spectrum” button or the Site Soil Adjusted spectrum (the Class-D Spectrum in
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this demonstration) by clicking the “Design Spectrum” button. The user can also click both buttons to

generate both spectra.
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Figure 3-28

Screen No. 4: Site Class Adjusted Anchoring Points for Design Spectrum

By clicking the “Map Spectrum” tab, the screen shown in Figure 3-29 (Screen 5) is created with a

tabulation of the AASHTO reference site (Site Class B) acceleration response spectrum. By clicking the

“Design Spectrum” tab, the screen shown in Figure 3-30 (Screen 6) is created with a tabulation of the

AASHTO design spectrum for Site Class D.
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Figure 3-29

Screen No. 5: Reference Site Spectrum Values
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At this point, the calculations for both the initial reference site condition (the “Map Spectrum”) and the
site class adjusted spectrum (the “Design Spectrum”) are complete. In the next step, the AASHTO/USGS
ground motion CD allows graphical display of the various developed spectra. One can initiate the display
options by clicking the “View Spectra” button at the bottom the prior screen. Then one can click on the
Select Graph button from the pull down menu in the subsequent screen (Screen 7) which will display the

various options listed below:

1)  Map Spectrum for S, vs. T.

2)  Map Spectrum for S, vs. Sg, (plot spectral acceleration versus spectral displacement).
3)  Design Spectrum for S, vs. T.

4)  Design Spectrum for S, vs. Sq.

5 All S, vs. T Spectra (for viewing comparison between the mapped spectrum and the Design

Spectrum), and

6)  All S, vs. Sy Spectra.

Figure 3-31 (Screen No. 7) presents the screen obtained when selecting Option 1 above for the Map
Spectrum for S, vs. T (for Site Class B). Figure 3-32 (Screen No. 8) presents the screen obtained when
selecting Option 5, the All S, versus T Spectra option, and shows both the Map Spectrum (for Site Class
B) and the adjusted Design Spectrum for Site Class D. Figure 3-33 (Screen No. 9) presents the screen
obtained when selecting Option 6, the All S, vs. Sy Spectra option, showing spectral acceleration versus

displacement for both Site Class B and Site Class D.
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Figure 3-31

Figure 3-32
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Figure 3-33 Screen No. 9: Example of “All S, vs. Sq Spectra” Option

3.4.3 Magnitude Deaggregation

The 1,000-year Ground Motion CD distributed by AASHTO/USGS has been designed solely for
construction of the 1,000-year return period uniform hazard spectra. There is no provision on the Ground
Motion CD for extracting the deaggregated magnitude and distance information for design. Currently,
deaggregation of the design earthquake, including for the 1,000-year return period event derived from the
AASHTO/USGS Ground Motion CD, needs to be conducted through the USGS web site. The following
link will take the user to the USGS deaggregation web page: http://egint.cr.usgs.gov/deaggint/. The

screen associated with this link is shown below in Figure 3-34.
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Figure 3-34 Initial Screen from the USGS Web Site for Interactive Deaggregation

The deaggregation data for the AASHTO design seismic hazard design event (i.e. for a 100-yr return
period and the 2002 USGS seismic hazard data) can be obtained by clicking on the “Interactive
Deaggregation 2002 button on the left hand side of the screen shown in Figure 3-34. Clicking on the
2002 deaggregation button leads to screen shown in Figure 3-35. On this screen, the user inputs the site
location and selects the desired hazard level (similar to screen 2 from the USGS/AASHTO CD ROM) as

well as the spectral frequency (the inverse of the spectral period) for which the deaggregation is desired.
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Figure 3-35 Screen for Specifying Location and PSHA Return Period

After specifying the ground motion parameters for deaggregation and clicking the Generate Output tab on

the screen in Figure 3-35, the screen shown in Figure 3-36 appears. The screen shown in Figure 3-36

allows the user to select one of the three types of output files:

1) Report
2)  Deaggregation

3)  Geographic deaggregation
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Figure 3-36 Available Interactive Deaggregation Results

Figure 3-37 and Figure 3-38 show the screens that will appear following clicking the Deaggregation tab
and the Geographic Deaggregation tab, respectively. Figure 3-37 is a bar chart of the magnitude/distance
deaggregation from which the designer can extract magnitude and distance combinations appropriate for
design. The report tab provides tabular output for this data. Figure 3-38 plots the magnitude distribution
on a map and can be used to clarify the specific seismic sources contributing to the seismic hazard. Note
that the plots in Figure 3-37 and Figure 3-38 show a bi-modal hazard, with half the hazard coming from
an earthquake on the Hayward fault with a characteristic magnitude of 7 and half the seismic hazard

coming from an event on the San Andreas fault with a characteristic magnitude of 7.9.
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Figure 3-37 Hazard Deaggregation for Combinations of Magnitude and Distance

Figure 3-38 Geographic Hazard Deaggregation
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3.5 RECENT ADVANCES IN ENGINEERING SEISMOLOGY AND GROUND MOTION
CHARACTERIZATION

One of the most significant recent developments in engineering seismology and ground motion
characterization is the Next Generation Attenuation (NGA) project sponsored by the National Science
Foundation, Caltrans, and Pacific Gas and Electric Company. This project has recently completed an
update of the commonly used attenuation models for shallow crustal earthquakes in active tectonic
regions (e.g. the WUS). The 2009 USGS National Seismic Hazard Maps have implemented this new
generation of attenuation relationships. The same consortium has embarked upon a similar update for
CEUS attenuation relationships. Subsequent phases of the NGA project, hopefully including attenuation
relationships for subduction zones, will most likely lead to further updates in the USGS ground motion

hazard maps for U.S.

The NGA project is being coordinated by the Lifelines Program of the Pacific Earthquake Engineering
Research Center (PEER), in partnership with the U.S. Geological Survey and the Southern California
Earthquake Center. In the developing attenuation relationships for the WUS, five sets of ground-motion
models were developed by teams working independently but interacting with one another throughout the
development process. The development of these WUS NGA ground motion models was supported by
other project components, including (1) development of an updated and expanded PEER database of
recorded ground motions, earthquake sources, travel path, and recording station site conditions (see

http://peer.berkeley.edu/products/strong_ground_motion_db.html); (2) supporting research projects to

provide guidance on the selected functional forms of the ground motion models; and (3) a program of
interactions throughout the development process to provide input and reviews from both the scientific
research and engineering user communities. A special February, 2008 issue publication of the EERI
Earthquake Spectra provides documentation of this initial phase of the NGA project (e.g. Abrahamson et
al., 2008).

The NGA models have increased the level of sophistication required to apply attenuation equations. Four
of the five NGA attenuation models (all but the Idriss model) require many more input parameters than
the traditional parameters of magnitude, distance, and style of faulting in their attenuation equations. The
average engineer may not have sufficient understanding on what some of these parameters mean and
there is no easy way to measure some of the required input parameters. With the exception of the Idriss
NGA model, there are as many as 15 parameters involved in the NGA models. An important facet of the

NGA models is that they account for the influence of local site conditions directly by using Vs as one of
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the input parameters in the attenuation model (as opposed to the use of site factors to modify the reference
site spectrum). Two of the NGA models also use the depth to a shear wave velocity of 3300 ft/s (1000
m/s) and another model uses the depth to a shear wave velocity of 8250 ft/s (2500 m/s) as discriminating

factors that reflect local site conditions.

Two and three dimensional site response effects and deep soil basin effects are also a subject of much
current research, as is the response of other types of stratigraphic profiles that do not conform to
stratigraphy assumed in the development of the NEHRP site factors. Observed multi-dimensional site
response effects include Basin Edge effects, wherein the ground motions around the edge of a soil basin
are influenced by the direction of the propagating seismic wave (i.e. from within the basin or from outside
of the basin). However, there are no simple methods to account for the effects of wave propagating to the
site from outside the basin edge at the present time. Site response analyses have also shown that response
of deep soil basins (i.e. basins with over 500 ft of sediments) and of soil sites with a bedrock interface or
other layer interface across which there is a significant contrast in soil stiffness and density within 150 to
200 ft of the ground surface is not properly described by the NEHRP soil site factors. These deep soil
basin and shallow bedrock conditions can be accounted for using appropriate one-dimensional site

response analysis, as discussed in Chapter 5 of this document.

The near-fault directivity effect (e.g. Sommerville et al., 1997) discussed previously is another area of
current research and development. This effect has been included in development of input ground motions
for seismic retrofit of the long-span bridges in California for over 10 years (starting from about 1995).
Inclusion of the near field effect using a 1995 Somerville procedure drastically impacted the response of
several of these bridge structures, leading to a very significant increase in retrofit cost. However,
subsequent developments, e.g. the Sommerville 1997 near-fault forward directivity adjustment procedure,
suggest that the 1995 Sommerville near-fault directivity adjustment procedure was overly conservative
(Abrahamson, 2000). This lesson suggests that one needs to be careful in implementing new state-of-the-

art procedures in design until these procedures have been properly vetted.
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3.6 SUMMARY

This chapter describes the methods used to assess and characterize strong ground motions for use in
seismic design. The fundamental steps in a seismic hazard analysis are described, including seismic
source characterization, strong motion attenuation, and prediction of design ground motion parameters.
Both probabilistic and deterministic seismic hazard analyses are described and the advantages and
disadvantages of these two types of analysis are discussed. A detailed discussion of strong ground motion
attenuation relationships is provided along with examples of common attenuation relationships for the
tectonic regimes encountered in the United States. Application of a typical attenuation relationship, the
Abrahamson and Silva (1997) relationship, is illustrated through an example. The essential products of a
probabilistic seismic hazard analysis, including the development of uniform hazard spectra and the
associated magnitude-distance deaggregation, are described in detail. Uniform hazard spectra describe
the intensity of seismic loading. The magnitude-distance deaggregation is used to establish a
representative magnitude and distance for use in design. Development of acceleration response spectra
for deterministic scenario earthquakes is also described. The selection of the design earthquake for both

safety and functionality is discussed.

The procedure for developing the acceleration response spectra for structural design in accordance with
AASHTO seismic design provisions, including adjustments for local soil conditions, is presented. A
correlation between spectral acceleration and peak ground vel