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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Research
Council wasrequested by the Association to administer theresearch
program because of the Board’'s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to those who arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board, the National Research Council,
the Federal Highway Administration, the American Association of State
Highway and Transportation Officials, and the individual states participating in
the National Cooperative Highway Research Program do not endorse products
or manufacturers. Trade or manufacturers’ names appear herein solely
because they are considered essential to the object of this report.
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FOREWORD

By Staff
Transportation Research
Board

Thisreport containsthe findings of astudy to devel op recommended specifications
for the seismic design of highway bridges. The report describesthe research effort lead-
ing to the recommended specifications and discuses critical conceptual and technical
issues. The material in this report will be of immediate interest to bridge-design spec-
ification writers and to bridge engineers concerned with the seismic design of highway
bridges.

Recent damaging earthquakes in the United States and abroad have demonstrated
the earthquake vulnerability of highway bridges that were designed to existing seismic
codes. To addressthisinadequate performance, extensive research programs have been
carried out. These programs have advanced the state of the art to the point where anew
specification for seismic design is necessary to take advantage of new insight into
ground motion and geotechnical effects, improved performance criteria, and more
advanced analytical and design methodologies.

The objective of this research was to enhance safety and economy through the
development of new load and resistance factor design (LRFD) specifications and com-
mentary for the seismic design of bridges. The research considered design philosophy
and performance criteria, seismic loads and site effects, analysis and modeling, and
design requirements. The specifications are nationally applicable with provisions for
all seismic zones and are intended to be integrated into the AASHTO LRFD Bridge
Design Specifications.

The research was performed by ajoint venture of the Applied Technology Coun-
cil and the Multidisciplinary Center for Earthquake Engineering Research. The report
fully documents the methodology used to develop the recommended specifications.
The recommended specifications provided the technical basis for a stand-alone set of
provisions prepared by the ATC/MCEER Joint Venture titled “ Recommended LRFD
Guidelinesfor the Seismic Design of Highway Bridges.” AASHTO will consider these
provisions for adoption as a Guide Specification in 2002.
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CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 BACKGROUND

In the fall of 1998, the AASHTO-sponsored National
Cooperative Highway Research Program (NCHRP) initiated
a project to develop a new set of seismic design provisions
for highway bridges, intended to be compatible with the
AASHTO LRFD Bridge Design Secifications (AASHTO,
1998). NCHRP Project 12-49, which was conducted by ajoint
venture of the Applied Technology Council and the Multidis-
ciplinary Center for Earthquake Engineering Research (the
ATC/MCEER Joint Venture), had asitsprimary objectivesthe
devel opment of seismic design provisionsthat reflected thelat-
est design philosophiesand design approachesthat would result
in highway bridges with ahigh level of seismic performance.

NCHRP Project 12-49 was intended to reflect experience
gained during recent damaging earthquakes and the results of
research programs conducted in the United States and el se-
where over the prior 10 years. The primary focus of the project
was on the development of design provisions which reflected
the latest information regarding design philosophy and perfor-
mance criteria; seismic hazard representation, seismic-induced
loads and displacements, and site effects; advancesin analy-
sis and modeling procedures; and requirements for compo-
nent design and detailing. The new specifications were to be
nationally applicable with provisions for al seismic zones,
and for al bridge construction types and materials found
throughout the United States.

The current provisions contained in the AASHTO LRFD
Bridge Design Specifications are, for the most part, based on
provisions and approaches carried over from Division |-A,
“Seismic Design,” of the AASHTO Standard Specifications
for Highway Bridges (AASHTO, 1996). The Division I-A pro-
visions were originaly issued by AASHTO as a Guide Spec-
ification in 1983 and were subsequently incorporated with
little modification into the Sandard Specifications in 1991.
The current LRFD provisions are, therefore, based on seis-
mic hazard, design criteria, and detailing provisions, that are
now considered at least 10 years, and in some cases nearly
20 years, out-of-date.

1.2 NCHRP PROJECT STATEMENT
AND RESEARCH TASKS

To addressthisconcern, the AASHTO-sponsored NCHRP
developed a Project Statement to conduct NCHRP Project

12-49, which wasissued in late 1997. The Project Statement
read as follows:

“Recent damaging earthquakes in California, Japan, the
Philippines, and Costa Rica have demonstrated the earth-
quake vulnerability of highway bridgesthat were designed to
existing seismic codes. To address this inadequate perfor-
mance, extensive research programs have been carried out.
These programs have advanced the state of the art to the point
where a new specification for seismic design is necessary to
take advantage of new insight into ground motion and geo-
technical effects, improved performance criteria, and more
advanced analytical and design methodologies.

Some of the new procedures from these research programs
represent major departures from present practice, and simple
revisions to existing AASHTO specifications are not fea-
sible. In addition, new provisions are under development by
the Federal Emergency Management Agency (and others)
for buildings. New seismic design specifications are required
that retain the best features of the present specificationswhile
embracing the results of recent research. The devel opment of
the next generation of seismic provisions for bridges will
keep the recently adopted AASHTO LRFD Bridge Design
Specifications in step with the building community and the
state of the art.

The project to be undertaken here is to develop new speci-
fications for the seismic design of bridges, considering all
aspectsof the design process. These aspectsinclude thefol-
lowing: (1) design philosophy and performance criteria,
(2) seismic loads and site effects, (3) analysis and modeling,
and (4) design requirements. The new specification must be
nationally applicable with provisions for al seismic zones. It
is expected that the results of research currently in progress
and recently completed will be the principal resource for this
project.

The objective of this research is to enhance safety and
economy through the devel opment of new LRFD specifica-
tions and commentary for the seismic design of bridges.
These specificationswill be recommended for consideration
by the AASHTO Highway Subcommittee on Bridges and
Structures and shall reflect experience gained during recent
damaging earthquakes and the results of research programs
conducted in the United States and elsewhere. This work
will focus on designing new bridges rather than on retro-
fitting existing ones.”

The research tasks conducted under NCHRP Project 12-49
included the following:

Task 1. Review and interpret relevant practice, performance
data, research findings, and other information related



Task 2.

Task 3.

Task 4.

Task 5.

Task 6.

to seismic design of bridges. Identify any gapsin
knowledge. This information shall be assembled
from technical literature and from unpublished expe-
riences of engineers and bridge owners.

Based on the findings of Task 1, develop conceptual
LRFD design criteriafor structural systemsand com-
ponents. Design criteria should address, but not be
limited to, thefollowing technical areas: (1) strength-
based and displacement-based design philosophies;
(2) single- and dual-level performance criteria;
(3) acceleration hazard maps and spectral ordinate
maps; (4) spatial variation effects; (5) effects of
vertical acceleration; (6) site amplification factors;
(7) inelastic spectra and use of response modifica-
tion factors; (8) equivalent static nonlinear analysis
methods; (9) modeling of soil-structure interaction
and structural discontinuities at expansion joints;
(210) duration of the seismic event; and (11) design
and detailing requirements.

Based on the results of Tasks 1 and 2, identify and
prioritize specification areas that need research and
modification beyond what will be accomplished in
this project.

Submit an Interim Report, within 9 months of the
contract start, that documents the results of Tasks 1,
2, and 3, includes a proposed format for the specifi-
cation and commentary, and proposes adetailed work
planfor theremainder of the project. Following proj-
ect panel review of the Interim Report, meet with the
panel to discuss the Interim Report and the remain-
ing tasks. NCHRP approval of the Interim Report
will be required before proceeding.

On approval of the work plan, the following sub-
tasks will be performed: (a) conduct parametric
studies to refine the proposed LRFD design crite-
ria and (b) develop a draft of the recommended
specifications and commentary (draft 1); Theresults
of subtasks (a), and (b) shall be submitted for panel
review.

(a) Conduct liquefaction case studies to determine
the impact of various return periods on the seismic
design provisions; (b) Revisethe draft recommended
specifications and commentary; (c) Prepare design
examples demonstrating the application of the pro-
posed specifications; and (d) Prepare an analysis of
impacts and benefits of implementation of the pro-
posed specifications. The results of thistask shall be
submitted for panel review.

Task 7. Submit afinal report describing the entire research
effort.

1.3 PROJECT ACTIVITIES
AND DELIVERABLES

NCHRP Project 12-49 developed a preliminary set of com-
prehensive specification provisions and commentary intended
for incorporation into the AASHTO LRFD specifications. In
so doing, three drafts of the Project 12-49 L RFD-based spec-
ifications and commentary were prepared and reviewed by an
outside expert advisory panel convened by ATC (the ATC
Project Engineering Panel), NCHRP Project Panel C12-49,
and the AASHTO Highway Subcommittee on Bridges and
Structures’ seismic design technical committee (T-3), which
was chaired by James Roberts of Caltrans.

A number of other important reports were also prepared
and submitted to the NCHRP during the course of the proj-
ect. These were based on the following project activities:

+ A survey of state bridge design agencies, bridge engi-
neering consultants, and researchers was conducted to
assess current seismic design and analysis approaches
and practices, needs, and concerns.

* Research leading up to the submission of the project
Interim Report, which was submitted in March 1999. The
effortsunder Tasks 1 through 4 provided areview of cur-
rent and past research, data, and areview and assessment
of current practicesin seismic design of bridgesand other
structures; identification and discussion of mgjor issues
that needed to be considered in the development of seis-
mic design criteria; awork plan for the remainder of the
project; and alist of specific research needs for criteria
and issues which could not be adequately addressed in
this project with current knowledge.

+ Research to identify and document the major issues that
were required to be considered during development of
the LRFD-based seismic design criteria. This addressed
all of the major issues related to the devel opment of the
conceptual LRFD design criteria, which were then rec-
ommended by the ATC/MCEER Joint Venture Project
Team to the NCHRP Project Panel and AASHTO T-3
committee for consideration during each draft of the
specification development effort.

A detailed parameter study was conducted to determine
theimpact of the proposed provisions, to benchmark the
results of the recommended provisions against those
produced by existing seismic design provisions, and to
ascertain the effects of key parameters and fine-tune
them relative to good engineering practice.

» A workshop supported and organized by the FHWA
and MCEER in support of the work on NCHRP Proj-
ect 12-49 on geotechnical performance regquirements



and provisions was conducted in September 1999. The
M CEER-sponsored workshop brought together research-
ers, practicing geotechnical engineers, and structural
engineers, to address issues related to foundation per-
formance requirements and tol erabl e di splacementsthat
structures and foundations can adequately accommo-
date during seismic-induced ground movements.

» A second workshop supported by the FHWA and
MCEER on seismic provisions for the design of steel
bridges was conducted in July 2000. The MCEER-
sponsored workshop brought together researchers, prac-
ticing engineers, and steel industry representativesin an
attempt to identify and formulate provisions to advance
knowledge in the seismic design and performance of
steel highway bridges.

+ A major study on liquefaction hazard assessment and
impacts was conducted to assess the effects of lique-
faction and associated hazards, including lateral spread-
ing and ground flow failures. The study investigated lig-
uefaction hazard implications for the design of bridges
using two real bridges and sitesin relatively high regions
of seismicity: oneinthe Western United Statesin Wash-
ington State, and the second in the Central United States
in Missouri.

» Two detailed bridge design examples demonstrating the
application of the recommended design provisionswere
developed.

Throughout the course of the project, members of the Project
Team interacted regularly with the ATC Project Engineering
Panel, the NCHRP Project Panel, members of the AASHTO
Bridge Committee’s seismic design technical committee
(T-3), and with many other researchers and state, federal, and
practicing engineers. Project Team members made annual
presentations during the meetings of the AASHTO T-3 com-
mittee and at various other meetings and venues.

1.4 RESEARCH APPROACH

Tothe extent possible, NCHRP Project 12-49 wasintended
to incorporate then-current research results and engineering
practice in the development of the new L RFD-based seismic
design specifications. However, during the course of the proj-
ect, it became apparent that knowledge gaps needed to be
addressed before uniformly applicable provisions could be
developed that recognize the variations in seismic hazard,
local soil and bedrock conditions, and design and construc-
tion practi ces found throughout the United States. Therefore,
anumber of special studies were conducted under this proj-
ect and through the assistance of the FHWA-sponsored
MCEER Highway Project.

Theinitia efforts under this project were primarily related
to information gathering. Specification provisionsand philoso-

3

phies used in current AASHTO documents and by various
States were obtained and assessed, as were specifications
from anumber of foreign countries, including those of Japan,
New Zealand, as well as the new Eurocodes. These materi-
als were augmented by a detailed review of recently com-
pleted and ongoing research projects and programs, spon-
sored by State transportation agencies, FHWA, and others.
Eventually, a series of recommendations were devel oped by
the Project Team regarding the overall philosophy and intent
that the new specifications should address, and these were
widely discussed with the ATC Project Engineering Panel,
NCHRP Project Panel, and AASHTO T-3 seismic design
technical committee.

Once there was general agreement on the underlying phi-
losophy on which the new provisions should be based, the
Project Team developed three distinct drafts of the LRFD-
based seismic design provisions. Each draft was circulated
for review by the ATC Project Engineering Panel, NCHRP
Project Panel, and AASHTO T-3 committee. Drafts 1 and 2
were also discussed in detail during meetings between the
Project Team, NCHRP Project Panel, and AASHTO T-3.
Where required, special studies were conducted and spe-
cialty workshops were held to develop new provisions or
resolve questions or problems as they arose.

1.5 REPORT ORGANIZATION

This report provides a summary of the work conducted
under NCHRP Project 12-49. The specific LRFD-based
design provisions were submitted to the NCHRP in separate
reports, and are not reproduced herein. Other major reports
and project deliverableswere al so prepared and submitted, as
described above, and these too are not reproduced herein.

Chapter 1 of this report (this chapter) provides an over-
view of the project background and objectives; how the proj-
ect was organized; summary of results from the project; and
alist of project participants.

Chapter 2 contains adescription of the philosophy used in
developing the new seismic design provisions and a discus-
sion of new and important concepts and design approach
changes made in the proposed LRFD specifications.

Chapter 3 provides areview and discussion of some of the
major technical issues addressed during the course of NCHRP
Project 12-49. Section 3.1 discussesissuesinvolved in selec-
tion of the seismic hazard (representation and design levels)
used in the LRFD provisions; Section 3.2 presents a sum-
mary of the liquefaction assessment study and bridge assess-
ment case studies that were conducted; and Section 3.3 pre-
sents an assessment of the impacts (engineering impacts,
potential costs, and benefits) that can be expected if the pro-
visions devel oped under the project are implemented.

Chapter 4 presents a summary of this report and a sug-
gested plan to implement the proposed L RFD seismic design
provisions.



The results of this project represent asignificant changein
philosophy, approach, and methodol ogies from those cur-
rently used for highway bridge analysis and design for seis-
mic performance. It is, therefore, possible that the AASHTO
Highway Subcommittee on Bridges and Structures may pre-
fer, in the short term, to adopt the recommended provisions

as a Guide Specification. However, regardless of whether the
proposed LRFD provisions areincorporated directly into the
AASHTO LRFD Bridge Design Specifications or as a stand-
alone Guide Specification, therewill be aneed to educate and
train bridge designers and engineers on the use of the new
provisions and approaches.




CHAPTER 2
FINDINGS

2.1 BASIC PHILOSOPHY EMPLOYED
IN DEVELOPING THE PROPOSED
SEISMIC DESIGN PROVISIONS

I'n keeping with current seismic design approachesemployed
both nationally and internationally, the development of the
LRFD specifications was predicated on the following basic
philosophy:

* Loss of life and serious injuries due to unacceptable
bridge performance should, to the extent possible and
economically feasible, be minimized.

* Bridges may suffer damage and may need to bereplaced,
but they should have low probabilities of collapse dueto
earthquake motions.

 Full functionality for essential bridges (so-called “criti-
cal lifeline” structures) should be maintained even after
amajor earthquake.

+ Upper-level-event ground motions used in design should
have a low probability of being exceeded during the
approximately 75-year design life of the bridge.

« The provisions should be applicableto all regions of the
United States.

» Thedesigner isencouraged to consider and employ new
and ingenious design approaches and details and should
not be restricted to approaches contained solely within
the provisions.

2.2 NEW CONCEPTS
AND MAJOR CHANGES IN THE
PROPOSED SEISMIC DESIGN PROVISIONS

In comparison to the current AASHTO Standard Speci-
fications for Highway Bridges (AASHTO, 1996) and the
AASHTO LRFD Bridge Design Specifications (AASHTO,
1998), the proposed NCHRP 12-49 specifications contain a
number of new conceptsand additions, aswell as some major
modifications to existing provisions. These are summarized
in the following sections.

2.2.1 1996 USGS Maps

The national earthquake ground motion map used in the
existing AASHTO provisionsis a probabilistic map of peak

ground acceleration (PGA) on rock which was devel oped by
the U.S. Geological Survey (USGS) (Algermisson et al.,
1990). The map provides contours of PGA for a probability
of exceedance (PE) of 10 percent in 50 years, which is approx-
imately equal to a 15 percent PE in the 75-year design life
predicated for atypical highway bridge.

In 1993, the USGS embarked on amajor project to prepare
updated national earthquake ground motion maps. The result
of that project was a set of probabilistic maps published in
1996 for the conterminous United States (Frankel, et dl.,
1996) and subsequently for Alaska and Hawaii, that cover
several rock ground motion parameters and three different
probability levels or return periods. The maps are available
from the USGS as large fold-out paper maps, smaller maps
that can be obtained via the Internet, and as digitized values
obtained from the Internet or aCD-ROM published by USGS.

Parameters of rock ground motionsthat have been mapped
by the USGS include peak ground acceleration (PGA) and
elastic response spectral accelerations for periods of vibra-
tion of 0.2, 0.3, and 1.0 sec. Contour maps for these parame-
ters have been prepared for three different probabilities of
exceedance (PE): 10 percent PE in 50 years, 5 percent PE in
50 years, and 2 percent PE in 50 years (which is approxi-
mately equal to 3 percent PE in 75 years). In addition to these
contour maps, the ground motion values at any specified lat-
itude and longitude can be obtained viathe Internet for these
three probability levels for PGA, and spectral accelerations
for periods of vibration of 0.2, 0.3, and 1.0 sec. The CD-ROM
published by the USGS also provides spectral accelerations
at additional periods of 0.1, 0.5, and 2.0 sec. In addition, the
CD-ROM contains both the PGA and spectral acceleration
values at three probability levels aswell asthe complete haz-
ard curves on which they are based.! Therefore, the ground
motion values for all of these ground motion parameters can
be obtained for any return period or probability of exceedance
from the hazard curves.

These mapsform the rock ground motion basisfor seismic
design using these proposed L RFD provisions. Upper bound
limits on ground motions obtained by deterministic methods,
as described in the following section, have been applied in

1 Hazard curves present relationships between the amplitude of a ground motion pa-
rameter and its annual frequency of exceedance for specified locations.
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the proposed provisions, in order to limit probabilistic ground
motions in the western United States.

2.2.2 Design Earthquakes
and Performance Objectives

The current AASHTO provisions have three implied per-
formance objectives for small, moderate, and large earth-
quakeswith detailed design provisionsfor a10 percent PEin
50-year event (which is approximately equal to a 15 percent
PE in 75-year event) to achieveits stated performance objec-
tives. The proposed LRFD provisions provide more defini-
tive performance objectives and damage states for two design
earthquakes with explicit design checks to ensure that the
performance objectives are met.

The upper-level event, termed the “rare” or Maximum Con-
sidered Earthquake (MCE), describes ground motions that,
for most locations, are defined probabilistically and have a
probability of exceedance of 3 percent in 75 years. However,
for locations close to highly active faults, the mapped MCE
ground motionsare deterministically bounded so that the lev-
els of ground motions do not become unreasonably high.
Deterministic bounds on the ground motionsare cal culated by
assuming the occurrence of maximum magnitude earthquakes
on the highly active faults. These are equal to 150 percent of
the median ground motions for the maximum magnitude
earthquake, but not less than 1.5 g for the short-period spec-
tral acceleration plateau and 0.6 g for 1.0-sec spectra acceler-
ation. On the current MCE maps, deterministic bounds are
applied in high-seismicity portions of California, in local
areas along the California-Nevada border, aong coastal Ore-
gon and Washington State, and in high-seismicity portions of
Alaska and Hawaii. In areas where deterministic bounds are
imposed, the result is design ground motions that are lower
than ground motions for 3 percent PE in 75 years. The MCE
governs the limits on the inelastic deformation in the sub-
structures and the design displacementsfor the support of the
superstructure.

Thelower level design event, termed the “ expected” earth-
guake, has ground motions corresponding to 50 percent PE in
75 years. This event ensures that essentially elastic response
isachieved in the bridge substructure for the more frequent or
expected earthquake. This design level is similar to the 100-
year flood and has similar performance abjectives. An explicit
check on the strength capacity of the bridge substructure is
required. Parameter studies performed as part of the devel-
opment of the provisions show that the lower level event will
only impact the strength of columns in parts of the western
United States.

2.2.3 Design Incentives

The proposed LRFD design provisions contain an incen-
tive from adesign and construction perspective for perform-

ing amore sophisticated “pushover analysis.” The response-
modification factor (R-Factor) increases approximately
50 percent when a pushover analysisis performed, primarily
because the analysis results will provide agreater understand-
ing of the demands on the seismic resisting elements. The
analysisresults are assessed using additional plastic rotation
limits on the deformation of the substructure elements to
ensure adequate performance.

2.2.4 New Soil Site Factors

The site classes and site factors incorporated in these new
provisions were originally recommended at a site response
workshopin 1992 (Martin, ed., 1994; Martin and Dobry, 1994,
Rinne, 1994; Dobry et a., 2000). They were subsequently
adopted in the seismic design criteria of Caltrans (1999), the
1994 and 1997 NEHRP Provisions (BSSC, 1995; BSSC,
1998), the 1997 Uniform Building Code (ICBO, 1997), and
the 2000 International Building Code (ICC, 2000). Thisis
one of the most significant changes with regard to itsimpact
on the level of seismic design forces. It should be noted that
the recommended site factors affect both the peak (i.e., flat)
portion of the response spectra as well as the long period
(/T) portion of the spectra. The soil sitefactorsincreasewith
decreasing accel erations due to the nonlinear response effects
of soils. Soilsaremorelinear intheir responseto lower accel-
eration events and display more nonlinear response as the
acceleration levels increase. The effects of soil nonlinearity
are also more significant for soft soils than for stiff soils.

2.2.5 New Spectral Shapes

The long-period portion of the current AASHTO acceler-
ation response spectrum isgoverned by aspectrum shapethat
decays as 1/T?3. During the origina development of this
decay function, there was considerable massaging of thefac-
torsthat affect the long period portion of the spectrain order
to produce alevel of approximately 50 percent conservatism
in the design spectrawhen compared with the ground motion
spectrabeyond a 1-sec period. The proposed LRFD provisions
remove this arbitrary conservatism and provide a spectral
shape that decays as 1/T.

2.2.6 Earthquake Resisting Systems
and Earthquake Resisting Elements

The proposed LRFD provisions provide a mechanism to
permit the use of some seismic resisting systemsand elements
(termed earthquake resisting systems (ERS) and earthquake
resisting elements (ERE) that are not permitted in current
AASHTO provisions. Selection of an appropriate ERSisfun-
damental to achieving adequate seismic performance. To this
end, the identification of the lateral-force-resisting concept
and the selection of the necessary elements to facilitate the



concept should be accomplished in the conceptua design (also
known asthetype, selection, and layout—TS& L) phase of the
project. Seismic performance istypically better in systems
with regular configurations and evenly distributed stiffness
and strength. Thus, typical geometric configuration con-
straints, such as skew, unequal pier heights, and horizontally
curved bridges, conflict, to some degree, with these seismic
design goals. For thisreason, it is advisableto resolve poten-
tial conflicts between configuration and seismic performance
early in the design effort.

The classification of ERS and ERE into three categories:
permissible, permissible with owner’ s approval, and not rec-
ommended, is done to trigger due consideration of seismic
performance that leads to the most desirable outcome—that
is, seismic performancethat ensures, wherever possible, post-
earthquake serviceability. It is not the objective of the spec-
ification to discourage the use of systems that require owner
approval. Instead, such systems may be used, but additional
design effort and consensus regarding the amount and type
of damage acceptance or system performance will be neces-
sary between the designer and owner in order to implement
such systems.

2.2.7 “No Seismic Demand Analysis”
Design Concept

The “no seismic demand analysis’ design procedure is an
important new addition to the proposed LRFD provisions. It
appliesto “regular” bridgesin low-to-moderate seismic haz-
ard areas. The bridge is designed for all non-seismic loads
and does not require a seismic demand analysis. Capacity
design procedures are used to determine detailing require-
ments in columns and the forces in columns-to-footing and
column-to-superstructure connections. There are no explicit
seismic design requirements for abutments, except that inte-
gral abutments are to be designed for passive pressures.

2.2.8 Capacity Spectrum Design Procedure

The capacity spectrum design method is anew addition to
the provisions and is conceptually similar to the new Cal-
trans displacement design method. The primary difference
is that the capacity spectrum design procedure begins with
the non-seismic capacity of the columns and then assesses
the adequacy of the resulting displacements. At thistime, the
capacity spectrum method may be used for “very regular”
bridges that respond essentially as single-degree-of-freedom
systems, athough future research should expand the range of
applicability. The capacity spectrum approach usesthe elas-
tic response spectrum for the site, which is then reduced to
account for the dissipation of energy in the earthquake resist-
ing elements. The advantage of the approach isthat the period
of vibration does not need to be calculated, and the designer
seesan explicit trade-of f between design forces and resulting
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displacements. The method is also quite useful as a prelimi-
nary design tool for bridges that may not satisfy the current
regularity limitations of the approach.

2.2.9 Displacement Capacity
Verification (“Pushover”) Analysis

The*“ pushover” method of analysis has seenincreasing use
since the early 1990s and is widely employed in the building
industry and by some transportation agencies both for seis-
mic design and retrofit. This analysis method provides the
designer with additional information on the expected defor-
mation demands of columns and foundations and, therefore,
with agreater understanding of the expected performance of
the bridge.

The method is employed in two different ways in these
recommended LRFD provisions. First, it provides a mecha
nism under which the highest R-Factor for preliminary
design of a column can be justified, because there are addi-
tional limitson the column plastic rotationsthat the results of
the pushover analysismust satisfy. Second, it providesamech-
anism to allow incorporation of earthquake resisting elements
(ERE) that require an owner’s approval. There is a trade-off
associated with this, in that a more sophisticated analysisis
needed so that the expected deformationsin critical el ements
can be adequately assessed. The ERE can then be used, pro-
vided that the appropriate plastic deformation limits are met.

2.2.10 Foundation Design

In the area of foundation design, the proposed LRFD pro-
visions are essentially an update of the existing AASHTO
LRFD provisions, incorporating both current practice and
recent research results. The primary changesin the proposed
LRFD provisions include the addition of specific guidance
for the development of spring constants for spread footings
and deep foundations (i.e., driven pilesand drilled shafts), as
well as approaches for defining the capacity of the founda
tion system when exposed to overturning moments. The
capacity provisions specifically address issues such as uplift
and plunging (i.e., yield) limits within the foundation. Pro-
cedures for including the pile cap in the lateral capacity and
displacement evaluation are also provided. The implications
of liquefaction of the soil, either below or around the foun-
dation system, is also described.

2.2.11 Abutment Design

The proposed LRFD provisions incorporate a significant
body of research that has been conducted on bridge abut-
ments over the past 10 years. Current design practice varies
considerably on the use of the abutments as part of the ERS.
Some states design their bridges so that the substructures are
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capable of resisting all of the seismic loads without any con-
tribution from the abutment. Other states use the abutment as
a key component of the ERS. Both design approaches are
permitted in these provisions.

The abutments can be designed as part of the ERS and, in
so doing, become additional components for dissipating the
earthquake energy. In the longitudinal direction, the abut-
ment may be designed to resist forces elastically utilizing the
passive pressure of the backfill. However, in some cases, pas-
sive pressure at the abutment will be exceeded, resulting in
larger soil movements in the abutment backfill. This will
require a more refined analysis to determine the amount of
expected movement, and procedures are provided in the pro-
visions to incorporate this nonlinear behavior. In the trans-
verse direction, the abutment is generally designed to resist
loads elastically. The proposed LRFD provisions therefore
recognize that the abutment can be an important part of the
ERS and considerable attention is given to abutment contri-
butions on the globa response of the bridge. It should be
noted, however, that for the abutments to be able to effec-
tively contribute to the ERS, a continuous superstructure is
required.

2.2.12 Liquefaction Hazard Assessment
and Design

Liquefaction has been one of the most significant causes
of damageto bridge structures during past earthquakes. Most
of the damage has been related to lateral movement of soil at
the bridge abutments. However, cases involving the loss of
lateral and vertical bearing support of foundations at bridge
piers have aso occurred. Considerable research has been
conducted over the past 10 years in the areas of liquefaction
potential and effects, and much of thisinformation has been
incorporated in the proposed L RFD provisions. For example,
the new provisions outline procedures for estimating lique-
faction potential using methods developed in 1997 as part of
anational workshop on the evaluation of liquefaction (Y oud
and Idriss, 1997). Procedures for quantifying the conse-
guences of liquefaction, such as lateral flow or spreading of
approach fillsand settlement of liquefied soils, arealso given.
The provisionsalso provide specific reference to methods for
treating deep foundations extending through soils that are
spreading or flowing laterally as aresult of liquefaction.

For sites with mean earthquake magnitudes contributing to
the seismic hazard less than 6.0, the effects of liquefaction on
dynamic response can be neglected. When liquefaction occurs
during an earthquake, vibration and permanent ground move-
ment will occur simultaneously. The recommended method-
ology in the LRFD provisions is to consider the two effects
independently; i.e., in a decoupled manner.

If lateral flow occurs, significant movement of the abutment
and foundation system can result and this can be a difficult
problem to mitigate. The range of design options include
(1) designing the pilesfor the flow forces and (2) acceptance

of the predicted lateral flow movements, provided that inelas-
tic hingerotationsin the pilesremain within aspecified limit.
The acceptance of plastic hinging in the pilesis a deviation
from past provisions in that damage to piles can now be
accepted when lateral flow occurs; however, the designer and
owner are effectively acknowledging that the bridge may
need to replaced if this were to occur when this option is
selected.

Structural or soil mitigation measures to minimize the
amount of movement to meet higher performance objectives
are also described in the new provisions. Due to concerns
regarding the difficulty and cost impacts of liquefaction
assessment and mitigation when coupled with the higher
level design events, two detailed case studies on the applica
tion of the recommended design methods for both lique-
faction and lateral flow design were performed. The case
studies demonstrated that, for some soil profiles, application
of the new provisionswould not be significantly more costly
than the application of the current AASHTO provisions. These
case studies are summarized in Chapter 3.

2.2.13 Steel Design Requirements

Theexisting AASHTO specifications do not have explicit
seismic requirements for steel bridges, except for the provi-
sion that a continuous load path be identified and included
in the design (for strength). Consequently, acomprehensive
set of special detailing requirements for steel components,
which are expected to yield and dissipate energy in a stable
and ductile manner during earthquakes, were developed.
Theseinclude provisionsfor ductile moment-resisting frame
substructures, concentrically braced frame substructures, and
end-diaphragms for steel girder and truss superstructures.
These provisions now provide a moderate amount of guid-
ance for the seismic design of stedl bridges.

2.2.14 Concrete Design Requirements

Although there are no major additions to the concrete pro-
visions contained inthe proposed LRFD provisions, thereare
important updates for key design parameters. These are
based on a major body of research that was conducted over
the past decade. The minimum amount of longitudinal steel
was reduced from the current AASHTO requirements of
1.0 percent to 0.8 percent; thisis expected to result in signif-
icant material cost savings when used with capacity design
procedures. An implicit shear equation was also added, for
cases where no seismic demand has been determined. Mod-
ifications to the explicit shear equation and confinement
requirements were al so provided, and a provision to address
global buckling of columns and beam-columns was added.
Plastic rotation limits were also added in order to conduct
pushover analyses.



2.2.15 Superstructure Design Requirements

Detailed design requirements for bridge superstructures
are not included in the current AASHTO seismic design
provisions, other than those required by the generic load
path requirement. In reviewing current bridge seismic design
practices, it was noted that there are wide discrepanciesin
the application of thisload path requirement. Therefore, for
the higher hazard levels, explicit load path design require-
ments have been added and discussed in the proposed LRFD
provisions.

2.2.16 Bearing Design Requirements

One of the significant issuesthat arose during development
of the steel provisionswas the critical importance of bearings
as part of the overall bridge load path. The 1995 K obe, Japan
earthquake and other more recent earthquakes clearly showed
the very poor performance of some bearing types and the dis-
astrous consequence that a bearing failure can have on the
overall performance of the bridge. To address this concern,
the proposed LRFD provisions require the designer to select
from one of three design optionsfor bridge bearings: (1) test-
ing of the bearings, (2) ensuring restraint of the bearings, or
(3) the use of adesign concept that permitsthe girderstoland
and slide on aflat surface available within the bridge system
if the bearingsfail.

2.2.17 Seismic Isolation Provisions

The Guide Soecificationsfor Seismic Isolation Design were
first adopted by AASHTO in 1991; they were significantly
revised and reissued in 1999 (AASHTO, 1999). Asdirected
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by the NCHRP Project Panel, the 1999 Guide Specifications
provisions were incorporated into the recommended LRFD
provisions. The net result of thisisthat it will require a new
chapter 15 in the AASHTO LRFD specifications.

2.3 DESIGN EFFORT AND COST
IMPLICATIONS OF THE NEW PROVISIONS

A parameter study was performed as part of the NCHRP
12-49 project and the results are summarized in Chapter 3.
Based on a study that looked at 2,400 different column con-
figurations and five different seismic hazard locations (i.e.,
five different cities located throughout the United States), it
was shown that the net effect on the cost of a column and
spread footing system is, on average, 2 percent less than that
designed with the current Division I-A provisions for multi-
column bents and 16 percent less than Division I-A provi-
sions for single-column bents. These cost comparisons are
based on the use of the more refined method for calculating
overstrength factors provided in the proposed LRFD provi-
sions and the assumption that the P-A assessment require-
ments included in the LRFD provisions are included in the
Division I-A designs.

Onefactor that caused a cost increase in some of the lower
seismic hazard areas and for some column configurations
was the short-period modifier. Since this provision is con-
sidered to be an important part of any new code, the cumula-
tive effect of all other changes (including the use of the MCE
event; new soil sitefactors, spectral shape, R-Factors, and phi-
factors; and the use of cracked section propertiesfor analysis)
would haveresulted in even lower average costs had the short-
period modifier been a part of current AASHTO LRFD and
Division |-A provisions.
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CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATION

3.1 SEISMIC HAZARD REPRESENTATION
AND SELECTION OF DESIGN EARTHQUAKES

This section describes the design earthquakes and associ-
ated ground motions that have been adopted for the proposed
revisions to the AASHTO LRFD Bridge Seismic Design
Specifications. For applicability to most bridges, the objec-
tives in selecting design earthquakes and developing the
design provisions of the specifications are to preserve life
safety and prevent bridge collapse during rare earthquakes,
and to provide immediate post-earthquake serviceahility, fol-
lowing an inspection of the bridge, with minimal damage dur-
ing expected earthquakes. For bridges of special importance
as determined by the bridge owner, performance objectives
may be higher than those specified in the proposed provisions.

Additional discussion and analyses of earthquake ground
motion maps, sitefactors, and response spectrum construction
procedures may be found in ATC/MCEER (1999a, 1999b).

3.1.1 Current AASHTO Map (1988 USGS Map)

The national earthquake ground motion map contained in
both Division I-A of the current AASHTO Standard Specifi-
cationsfor Highway Bridgesand the AASHTO LRFD Bridge
Seismic Design Specifications is a probabilistic map of peak
ground acceleration (PGA) on rock, which was devel oped by
the U.S. Geologica Survey (USGS) in 1988. This map pro-
vides contours of PGA for a probability of exceedence (PE)
of 10 percent in 50 years, which is equivalent to a 500-year
earthquake return period. The PGA map is used with rules
contained in the AASHTO specifications for abtaining seis-
mic response coefficients or response spectral accelerations.

3.1.2 New USGS Maps

In 1993, the USGS embarked on amajor project to prepare
updated national earthquake ground motion maps. In Califor-
nia, the mapping project was ajoint effort between the USGS
and the California Division of Mines and Geology (CDMG).
The result of that project was a set of probabilistic maps pub-
lished in 1996 for the conterminous United States and, subse-
guently, for Alaska and Hawaii. These maps cover several
rock ground motion parameters and three different earthquake

probability levels or return periods (Frankel et al., 1996,
1997a, 1997b, 1997c, 2000; Frankel and Leyendecker, 2000;
Kleinet a., 1999; Peterson et d., 1996; Wesson et al., 19994,
1999h). The maps are available as large-scale printed paper
maps, small-scale paper maps that can be downloaded from
the Internet, and as digitized valuesthat can be obtained from
thelnternet or on aCD-ROM published by the USGS (Frankel
and L eyendecker, 2000).

Parameters of rock ground motions that were mapped by
the USGS include PGA and response spectral accelerations,
for periodsof vibration of 0.2, 0.3, and 1.0 sec. Contour maps
for these parameterswere prepared for three different PE lev-
els: 10 percent PE in 50 years, 5 percent PE in 50 years, and
2 percent PE in 50 years (which is approximately equal to
3 percent PE in 75 years). These correspond, respectively, to
approximate ground motion return periods of 500 years,
1,000 years, and 2,500 years. In addition to these contour
maps, ground motion values at locations specified by latitude
and longitude can be obtained viathe Internet for these same
three probability levels for PGA, and for spectral accelera-
tions for periods of vibration of 0.2, 0.3, and 1.0 sec. The
USGS CD-ROM providesthese and spectral accelerations at
additional periodsof 0.1, 0.5, and 2.0 sec. The CD-ROM also
provides PGA and spectral acceleration values at three prob-
ability levels, aswell asthe complete hazard curves(i.e., rela
tionships between the amplitude of a ground motion pa-
rameter and itsannual frequency of exceedence? for specified
latitudes and longitudes). Therefore, ground motion values
can be obtained or derived for any return period or probabil-
ity of exceedance from the hazard curves on the CD-ROM.

The 1996 USGS national ground motion mapping effort
incorporated inputs for seismic source models and ground
motion attenuation models that represent major improve-
ments over the model s used to develop the current AASHTO
maps. Among these improvements are the following.

* Much more extensive inclusion of identified discrete
active faults and geologic dlip rate data. Approximately
500 faults were incorporated in the mapping. Geologic
dlip rates for these faults were used to determine earth-
quake recurrence rates for the faults.

2 Annual frequency of exceedance is the reciprocal of return period.



» Improved and updated seismicity catalogs were used
to determine earthquake recurrence rates for seismic
sources not identified as discrete faults. In the central
and eastern United States (CEUS), these catal ogs were
based on updated assessments of the magnitudes that
had been determined for older earthquakes (originally
characterized by their Modified Mercali Intensity).
These assessments had the effect of reducing the esti-
mated rate of occurrence for larger earthquakes in the
CEUS (equal to or greater than approximately magni-
tude 5.0).

* In the Pacific Northwest (Washington, Oregon, and
northwest California), the Cascadia subduction zone
seismic source was explicitly included. Geologic and
paleoseismic data were used to characterize the recur-
rence rate of very large earthquakes (potentially magni-
tudes 8.0 to 9.0) occurring in the coastal and offshore
regions of the Pacific Northwest.

» Geologic and pal eosei smic datawere used to character-
ize the recurrence rate of large earthquakes occurring in
the New Madrid seismic zone (in the vicinity of New
Madrid, Missouri) and the Charleston seismic zone (in
the vicinity of Charleston, South Carolina).

+ Updated and recently developed ground motion attenu-
ation relationships were obtained and applied. These
relationshipsincorporated the devel oping knowledge of
differences in ground motion attenuation relationships
in different regions and tectonic environments of the
United States. As a result, different attenuation rela-
tionships were used in the CEUS, shallow-crustal fault-
ing regions of the western United States (WUS), and
subduction zone regions of the Pacific Northwest and
Alaska.

The 1996 probabilistic maps developed by the USGS have
been widely accepted by the engineering and earth sciences
communities as providing a greatly improved scientific por-
trayal of probabilistic ground motions in the United States,
when compared with earlier maps. These maps were assessed
for possible use in the seismic design of bridges and other
highway facilitiesby the 1997 workshop sponsored by FHWA
and MCEER onthe nationa characterization of seismic ground
motion for new and existing highway facilities (Friedland, et
al., 1997). The workshop concluded that “. . . these new maps
represent a major step forward in the characterization of
national seismic ground motion. The maps are in substantially
better agreement with current scientific understanding of seis-
mic sources and ground motion attenuation throughout the
United States than are the current AASHTO maps. . . . the new
USGS maps should provide the basis for a new nationa seis-
mic hazard portrayal for highway facilities. . .”

The USGS has a systematic process for periodically updat-
ing the seismic hazard maps to reflect continuing advancesin
knowledge of earthquake sources and ground motions. There-
fore organizations using these maps (or maps adapted from
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the USGS maps as described below) have the opportunity
to update the maps in their seismic criteria documents as
appropriate.

3.1.3 National Earthquake Hazard Reduction
Program (NEHRP) Maximum Considered
Earthquake Maps

The federally sponsored Building Seismic Safety Council
(BSSC) adopted a modified version of the 1996 USGS Maps
for 2 percent PE in 50 years to define the recommended
ground motion basisfor the seismic design of buildingsinthe
2000 NEHRP Provisions (BSSC, 2001; Leyendecker, et al.,
2000a, 2000b). These maps are termed the Maximum Con-
sidered Earthquake (MCE) maps and are presented in Fig-
ures 3.10.2.1-1(a) through 3.10.2.1-1(l) of the proposed
LRFD specification provisions. Themaps arefor 0.2-sec and
1.0-sec response spectral accelerations.

The 1997 NEHRP MCE maps are identical to the 1996
USGS maps for 2 percent PE in 50 years (return period of
approximately 2,500 years), except that in areas close to
highly active faults, “ deterministic bounds” were placed on
the ground motions with the intent that ground motions are
limited to levels cal cul ated assuming the occurrence of max-
imum magnitude earthquakes on the faults. The determinis-
tic bounds are defined as 150 percent of the median ground
motions calculated using appropriate ground motion attenu-
ation relationships (the same relationships as used in the
USGS prababilistic mapping) assuming the occurrence of
maximum magnitude earthquakes on the faults, but not less
than 1.5 g for 0.2-sec spectral acceleration and 0.6 g for
1.0-sec spectral acceleration. Increasing the median ground
motions by 150 percent results in ground motions that are
approximately at amedian plus one-standard-deviation level
(actually somewhat lower, in general, because the ratio of
median plus one-standard-deviation ground motionsto median
ground motions usually exceeds 1.5). The deterministic
bounds limit ground motions to values that are lower than
those for 2 percent PE in 50 yearsin areas near highly active
faults in California, western Nevada, coastal Oregon and
Washington, and parts of Alaska and Hawaii.

3.1.4 Design Earthquakes

Two design earthquakes are defined in the proposed LRFD
specifications. The upper level earthquakeisthe“rare” earth-
quake and is defined as the MCE. For a bridge design life of
75 years, the ground motions for the MCE correspond to
3 percent PE in 75 years, except that lower ground motions
are defined in areas of deterministic bounds as described
above. The lower level earthquake is the “expected” earth-
quake and is defined as ground motions corresponding to
50 percent PE in 75 years.
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3.1.4.1 The Rare MCE Event

The intent of the MCE is to reasonably capture the maxi-
mum earthquake potential and ground motions that are pos-
sible throughout the United States. The design objective is
to preserve life safety and prevent collapse of the bridge,
although some bridges may suffer considerable damage and
may need to be replaced following the MCE.

In the current AASHTO specifications, a 10 percent PE in
50 years (approximately a 500-year return period) is used.
Based on a detailed analysis of the 1996 USGS maps (ATC/
MCEER, 1999a; ATC/MCEER, 1999b), the ground motions
over much of the United States increase substantially for
probability levels lower than 10 percent PE in 50 years; i.e.,

] O

m
1C
40

for return period longer than 500 years. The increase in
ground motions with return period isillustrated in Figures 1
and 2. In these figures, ratios of 0.2-sec and 1.0-sec spectral
accelerations for given return periods to 0.2-sec and 1.0-sec
spectral accelerations for an approximate 500-year return
period are plotted versus the return period for selected cities
in three regions of the conterminous United States: CEUS),
WUS, and California. In California, and coastal Oregon and
Washington, the effects of deterministic bounds, as described
in Section 3.1.3, on the ground motion ratios are included
whereapplicable. Thecurvesin Figures 1 and 2illustrate that
MCE ground motions in highly seismicaly active areas of
Californiawhere deterministic bounds control do not signif-
icantly exceed 500-year ground motions; ratios of MCE to
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500-year ground motions are typically in the range of about
12to15.

In other parts of the WUS and in the CEUS, ratios of MCE
ground motions (i.e., approximately 2,500-year ground
motions except where deterministically bounded) to 500-
year ground motions typically range from about 2.0 to 2.5,
and 2.5 to 3.5, in the WUS and CEUS respectively. Even
higher ratios are obtained for some areas exposed to large
magnitude characteristic earthquakes that have moderately
long recurrence intervals, as defined by paleoseismic data
(e.g., areas associated with Charleston, New Madrid, the
Wasatch Front, and coastal Oregon and Washington). These
results provide the primary justification for adoption of the
MCE ground mations as a design basis for a “no collapse’

performance criterion for bridges during rare but scientifi-
cally credible earthquakes.

Analysis of 1996 USGS map ground motions in the
Charleston, South Carolina, and New Madrid, Missouri,
regions also indicate that 500-year return period ground
motionswithin 75 km of the source region of the 1811-1812
New Madrid earthquakes and the 1886 Charleston earth-
guake are far below the ground motions that are likely to
have occurred during these historic earthquakes. Instead,
data suggest that 2,500-year return period ground motions
arein much better agreement with ground motions estimated
for these earthquakes. If deterministic estimates of ground
motions are made for the historic New Madrid earthquake of
estimated moment magnitude 8.0 using the same ground
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motion attenuation relationships used in the USGS proba
bilistic ground maotion mapping, then the 500-year mapped
ground motions are at or below the deterministic median-
minus-standard-deviation ground motions estimated for the
historic events within 75 km of the earthquake sources,
whereas 2,500-year ground motions range from less than
median to less than median-plus-standard-deviation ground
motion. Similarly, 500-year ground motions range from less
than median-minus-standard-deviation to less than median
ground motions deterministically estimated for the 1886
Charleston earthquake of estimated moment magnitude 7.3
within 75 km of the earthquake source; whereas 2,500-year
ground motions range from less than median to slightly above
median-plus-standard-deviation ground motions for this
event. From a design perspective, it is important that design
ground motions reasonably capture the ground motions esti-
mated for historically occurring earthquakes.

Adoption of the MCE as the design earthquake for a
collapse-prevention performance criterion is consistent with
the 1997 and 2000 NEHRP Provisions for new building
(BSSC, 1998; BSSC, 2001), the 2000 International Building
Code (IBC) (ICC, 2000), and the NEHRP Guidelinesfor the
Seismic Rehabilitation of Buildings (BSSC, 1997). In the
1997 and 2000 NEHRP provisionsfor new buildings and the
2000 IBC, the MCE ground motions are defined as “ collapse
prevention” motions, but design is conducted for two-thirds
of the MCE ground motions on the basis that the provisions
in those documents (including the R-Factors) provide a min-
imum margin of safety of 1.5 against collapse. On the other
hand, in the NEHRP Guidelines for Seismic Rehabilitation of
Buildings, the M CE ground motions are not factored by two-
thirds, but rather are directly used as collapse prevention
motions for design. The approach proposed in the proposed
LRFD specificationsis similar to that of the NEHRP seismic
rehabilitation guidelines in that the design provisions for the
MCE (including the proposed R-Factors) have been explicitly
developed for a collapse-prevention performance criterion.

The decision to use the 3 percent PE in 75-year event with
deterministic bounds rather than two-thirds of this event (as
used in the 2000 NEHRP provisions) was to more properly
accommodate the design displacements associated with the
M CE event. Displacements are much moreimportant in bridge
design than building design, since displacements govern the
determination of required pier and in-span hinge seat widths,
and are thus critically important in preventing collapse.

3.1.4.2 The" Expected” Earthquake

The intent of the “expected” earthquake is to describe
ground motionsthat arelikely to occur during a75-year bridge
design life (with a 50 percent probability of being exceeded
during this 75-year life). The design criteria provides for min-
imal damage and normal service following a post-earthquake
inspection. Expected earthquake ground motions are defined

by the 1996 USGS probabilistic ground motion mapping
described in Section 3.1.2.

Figures 3 and 4 illustrate ratios of 0.2-sec and 1.0-sec
response spectral accelerations at various return periods to
0.2-sec and 1.0-sec spectral accelerations at a 108-year return
period (corresponding to 50 percent PE in 75 years) for
selected cities in California, the WUS outside of California,
and the CEUS, based on 1996 USGS mapping. Deterministic
bounds on ground motions for long return periods have been
incorporated, where applicable, in the curvesin these figures.
The curves indicate that ratios of MCE to expected earth-
guake ground motionsin highly seismically active regions of
Cdliforniaaretypically equal to or lessthan 3.0 but typically
exceed 4.0 t0 5.0 in other parts of the WUS, and 7.0 to 10.0
inthe CEUS. Asshown in thesefigures, the spectral ratios of
the MCE to that of frequent earthquakes may exceed 10.0 to
20.0in some locales of low seismicity, and in environments
of characteristic |arge magnitude earthquakes having moder-
ately long recurrence intervals.

The decision to incorporate explicit design checks for this
lower-level design event was provided in order to provide
some parity with other infrequent hazards, such aswind and
flood. The current AASHTO LRFD provisionsrequire essen-
tially elastic design for the 100-year flood and 100-mph wind
which, in many parts of the country, is close to a 100-year
earthquake load. Although the 50 percent PE in 75-year
earthquake (108-year return period) only controls column
design in parts of the western United States, this recommen-
dation provides some consistency in the expected perfor-
mance of 100-year return period design events. The signifi-
cant difference in magnitude of earthquake |oads with longer
return periods is another reason why seismic design must
consider much longer return period events. Both wind and
flood loads tend to asymptotic values as the return period
increases and, in fact, the ratio of a 2,000-year to 50-year
wind load isin the range of 1.7 to 2.1 (Heckert, Simiu, and
Whalen, 1998).

3.1.5 Impact Studies

Current AASHTO design uses a 500-year return period
for defining the design earthquake. A more meaningful way
to express this earthquake is in terms of probability of
exceedence (PE). A 500-year earthquake is one for which
thereisa15 percent chance of exceedancein the 75-year life
of thebridge. In other words, thereisa 15 percent chance that
an earthquake larger than the design earthquake will occur
during the life of the bridge. Whether thisrisk is considered
acceptabl e or not depends on the probability of occurrence of
the event, the consequences of the event larger than the
design event, and the cost of reducing these consequences. A
15 percent PE in 75 years provides, by most standards, alow
factor of safety against exceeding the design load. However,
in order to evaluate if we should reduce the PE, the conse-



guences must be known or understood. To address this, two
questions must be addressed: (1) By how much will the design
earthquake be exceeded? and (2) What is the bridge's avail-
able reserve capacity due to conservative design provisions?
Most highway bridgeshave at |east some capacity inreserve
for extreme events. The current AASHTO specifications pro-
vide varying levels of conservatism due, among other fac-
tors, to the use of relatively low R-Factors, a spectral shape
based on 1/T%3, generous seat widths, uncracked sectionsfor
analysis, low ¢ factors, and Mononabe-Okabe coefficients
for abutment wall design. These criteria are based on engi-
neering judgment and provide ameasure of protection against
large but infrequent earthquakes. However, the degree of
conservatism is actually unknown and the consequences of
earthquakes larger than the design event are uncertain and
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may be considerable. If the actual event is only 20 percent
larger than the design event, damageislikely to be dight, the
conseguencestolerable, and therisk acceptable. On the other
hand, if the actual earthquake is 200 percent to 400 percent
larger than the design earthquake, the reserve capacity is
likely to be exceeded, damage is likely to be extensive, and
loss of access or use of the bridge likely. In this case, the risk
may be considered unacceptable. If MCE 0.2-sec and 1.0-sec
values of spectral acceleration shown in Figures 1 and 2 are
used asameasure of earthquake size, actual forcesmay exceed
the design 500-year earthquake forces by factors that range
from 1.5in Los Angelesto 4.5 (or more) in Charleston, South
Carolina. Similar ratios based on the 108-year “expected”
earthquake forces shown in Figures 3 and 4 are approximately
3.0 for Los Angeles and greater than 20.0 for Charleston.
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Reserve capacities as high as 4.5 are not likely embodied in
the current AASHTO specifications, and no assurance can be
given regarding bridge damage and accessin these situations.

With this as background, there were therefore two options
for the development of the new LRFD seismic design provi-
sions. The first option was to design explicitly for a larger
event (3 percent PE in 75 years) but refine the provisions to
reduce the conservatism and thus keep costs about the same
as those associated with the current AASHTO provisions.
Under this scenario, the degree of protection against larger
earthquakesis quantified and is based on scientific principles
and engineering experience. The second option wasto design
for a more moderately sized event (say 15 percent PE in

75 years), and maintain the current conservative provisions
as ameasure of protection against larger events. In this sce-
nario, the degree of protection is still unknown and depends
to alarge extent on intuition and engineering judgment. The
first option was selected for the proposed LRFD provisions
and, as part of the development process, a series of parameter
studies were performed to assess the potential cost impacts of
designing for the higher level event. These studies are sum-
marized in Section 3.3. In brief, however, they indicate that
the net effect on the cost of a column and spread footing sys-
temison the average 2 percent lessthan the current AASHTO
Division I-A provisions for multi-column bents and 16 per-
cent less than the current Division I-A provisions for single-



column bents. These cost comparisons are based on the use of
more refined methods for cal culating overstrength factorsand
2,400 different column configurations that were analyzed
based on seismic input from five different cities throughout
the United States.

Another cost concern that arose during the devel opment of
the provisions was the impact of the longer return period on
liquefaction. Two detail ed case studieswere performed using
both the proposed LRFD and existing AASHTO provisions,
and are summarized in the following section. These case
studies demonstrated that the application of the proposed
LRFD provisions, when applied with theinclusion of inelas-
tic deformation in the piles as aresult of lateral flow, would
not be significantly more costly than the application of the
current provisions. Hence, the objective of having aquantifi-
able degree of protection against larger earthquakes, while
attempting to maintain a similar level of cost, was achieved.

3.2 LIQUEFACTION ASSESSMENT
AND CASE STUDIES

A study of the effects of liquefaction and the associated
hazards of lateral spreading and flow was undertaken as part
of NCHRP Project 12-49. The motivation for the study was
to assess the impact of the MCE event, when compared with
current AASHTO criteria. Asnoted earlier, the recommended
LRFD provisions are based on a 3 percent PE in 75 years for
most of the United States, with the exception of areas where
ground motions are deterministically bounded. In contrast,
the design ground motion hazard in the current AASHTO
Division|-A hasa10 percent PE in 50 years (whichisapprox-
imately equal to a 15 percent PE in 75 years). With this
increasein return period comesan increasein the potential for
liquefaction and liquefaction-induced ground movements,
and the resulting potential for significant bridge damage.

Current methods of analysis that are typically used for lig-
uefaction evaluation have a level of conservatism built into
them. Asaresult, the use of state-of-the-art design procedures
could |ead to designsthat perform satisfactorily in larger earth-
quakes, and still produce designs that cost on par with those
developed under current AASHTO seismic provisions.

The scope of the liquefaction study was limited to two
sitesinrelatively high areas of seismicity; onewaslocated in
the western United Statesin Washington State, and the other
was located in the central United States in Missouri. The
Washington State site is located near the Cascadia subduc-
tion zone, while the Missouri site is located near the New
Madrid seismic zone. Actual site geologies and bridge con-
figurations were provided by the two states and were used in
theinitial stages of the study. The site geologies were subse-
quently idealized through limited simplifications, although
the overall geologic character of each site was preserved.

The investigation of the two sites and their respective
bridges focused on the resulting response and design differ-
ences between the recommended ground shaking level (3 per-
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cent PE in 75 years) and that corresponding to the current
AASHTO Division |-A provisions (approximately 15 per-
cent PE in 75 years). The scope of the study for each of the
two sites and bridges included

+ Development of both 15 percent PE in 75-year and
3 percent PE in 75-year acceleration time-histories;

« Simplified, conventiona liquefaction analyses;

* Nonlinear assessment of the site response to these accel-
erations including determining the time history of pore
pressure increases,

+ Assessment of abutment end slope stability;

+ Estimation of lateral spreading and flow conditions at
each site;

» Design of the structural systems to withstand the pre-
dicted response and flow conditions;

» Evaluation of geotechnical mitigation measures for
liquefaction-related ground displacements; and

» Evaluation of cost impacts due to the structural and
geotechnical mitigation strategies.

The results for the 15 percent PE in 75-year and 3 percent
PE in 75-year events were compared to assess the implica-
tions of using the larger event for design. Additionally, the
study helped synthesize an overall approach for handling
liquefaction-induced movementsin the recommended design
provisions.

3.2.1 Design Approach

The design approach used in the study and recommended
for the new AASHTO LRFD provisionsinvolves four basic
elements:

1. Conduct astability analysis;

2. Conduct a Newmark sliding block analysis;

3. Perform assessments of the passive forcesthat can ulti-
mately develop ahead of the piles or foundation sys-
tems as liquefaction induces lateral spread; and

4. Perform an assessment of thelikely plastic mechanisms
that may develop in the foundations and substructure.

The intent of this approach is to determine the expected
magnitude of lateral soil movement and to assess the struc-
ture’ s ability to accommodate this movement or limit it. The
approach is based on use of adeep foundation system, such as
piles or drilled shafts, as spread footing foundations will not
typically be used when soil conditions lead to the possibility
of liquefaction and associated lateral spreading or settlement.
It should be noted that the concept of considering aplastic
mechanism or hinging in the piles under the action of spread-
ing forces is tantamount to accepting foundation damage.
Thisis a departure from seismic design for structural inertia
loading alone, but is believed to be reasonable for the rare
MCE event becauseit isunlikely that the formation of plastic
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hinges in the foundation will lead to overall structure col-
lapse. The reasoning behind this is that lateral spreading is
essentially adisplacement-controlled process. Thus, the esti-
mated soil displacements represent a limit on the overall
structure displacement, excluding buckling of piles or shafts
below grade and increased displacements that can be pro-
duced by large P-A effects. However, buckling should be
checked, and methodsthat include the soil residual resistance
should be used. Meyersohn et a. (1992) provides a method
for checking buckling as an example. The effects of P-A
amplification are discussed later.

3.2.2 Washington State Bridge Case-Study
Site Selection and Characterization

As noted earlier, two sites were chosen for this study: a
western United States site and a site located within the New
Madrid seismic zone. The western site analyses and results
are discussed herein; a brief summary of the results of the
New Madrid site assessment are given in Section 3.2.9 and
are discussed in more detail in ATC/MCEER (2000). The
Washington State site islocated just north of Olympia, Wash-
ington, in the Nisqually River valley.® Thelocationiswithin a
large river basin in the Puget Sound area of Washington State
and is situated near the mouth of the Nisqually River in the
estuary zone. The basin is an area that was overridden by gla-
ciersduring thelast ice age and therefore has over-consolidated
materia at depth. Additionally, the basin contains significant
amounts of recently deposited |oose materia over theglacialy
consolidated materials.

Soil conditions for the site were devel oped from data pro-
vided by the Washington State Department of Transportation
(WSDOQT) for another well-characterized site located in a
geologically similar setting near Seattle. The actual site was
“moved” to the Olympiaareato avoid the effects of the Seat-
tle Fault. At the prototype site, the material at depthslessthan
45 m (150 ft) are characterized by alluvial deposits. At greater
depths, some estuarine materials exist and below about 60 m
(200 ft) dense glacial materials are found. Thisthen produces
asite with the potential for deep liquefiable soils.

For the purposes of this study, the site profile was simpli-
fied so that fewer layers were considered to exist, and the
profile was assumed as uniform across the entire site. The
simplified profileretainsfeatures and layering that reproduce
responses of the actual site. The simplified soil profile is
shown in Figure 5. Thisfigure also includes relevant proper-
ties of the soil layers that have been used for the seismic
response assessments and bridge design. Shear wave veloc-
ity (V¢), undrained shearing strength (c,), soil friction angle
(¢), and residua soil strength (S,,) wereinterpreted from the

% This site was selected for, and the liquefaction evaluation completed prior to, the
February 2001 Nisqually earthquake. Ground motions associated with the Nisqually
earthquake were considerably less than those used in this study. While liquefaction
occurred at some locations near the selected site, little or no bridge damage apparently
occurred, likely due to the limited extent of ground shaking and liquefaction.

field and laboratory data provided by WSDOT. The cyclic
resistanceratio (CRR) was obtained by conducting simplified
liquefaction analyses using both the SPT and CPT methodsto
obtain CRR values. Average CRR va ueswere determined for
liquefiable materials and represent clean sand values for a
magnitude 7.5 earthquake.

The prototype site profile with structure elevation is
shown in Figure 6. The modified siteisasmaller river cross-
ing than that of the origina bridge since the total length of
the bridge was substantially shortened for the study. A length
sufficient toillustrate theissues of soil movement and design
was used. In this study, the total length of the bridge is
152 m (500 ft). Theground surfaceis shown asthe 0-foot ele-
vation. Ascan be seeninthefigure, approach fillsare present
at both ends of the bridge and, in this case, they arerelatively
tall at 9 m (30 ft) each. An approach fill comprised of arela-
tively clean sandy gravel was assumed at each abutment,
with an assigned friction angle of 37 deg.

3.2.3 Washington State Bridge Description

The prototype bridge from which the study datawere drawn
isariver crossing with several superstructure and foundation
typesalong thelength of the structure. For thisstudy, the actual
structure was simplified. The 152-m (500-ft) long structureis
comprised of a 1.8-m (6-ft) deep concrete box girder that is
continuous between the two abutments. The intermediate
piers are two-column bents supported on pile capsand 0.6-m
(24-in.) steel pilesfilled with reinforced concrete. The road-
way is 12 m (40 ft) wide. The two 1.2-m (4-ft) diameter
columns for each pier are spaced approximately 7 m (23 ft)
apart and, because of therelatively large size of the pile caps,
asingle combined pile cap was used for both columns at each
pier. Figure 7 shows the general arrangement of an interme-
diate pier.

The centermost pier in this exampleislocated at the deep-
est point of theriver channel, asshown in Figure 6. Whilethis
issomewhat unusual in that alonger span might often be used
to avoid such an arrangement, the river pier was used here as
a smplification. The columns of this pier are also relatively
dender, and they weredeliberately |eft that way so asto allow
any negative seismic effects due to slenderness, like P-A, to
be assessed. In afinal design, the size of these columns might
likely beincreased. In fact, non-seismic load combinations or
conditions are likely to require larger columns.

The abutments are of the overhanging stub abutment type.
Figure 8 shows the transverse and longitudinal elevations of
the abutments used in this bridge. For this type of abutment,
the backfill is placed directly against the end diaphragm of
the superstructure. This has the seismic advantage of provid-
ing significant longitudinal resistance for all displacement
levels, since the passive resistance of the backfill is mobi-
lized as the superstructure moves. Thistype of abutment also
eliminates the need for expansion joints at the ends of the
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Shear . Friction Cyc]ic Res.
Velocity Cohesion Angle Resist. Strength
Soil Type Ratio
Elevation \'A Cy (] CRR Sur
feet (fps) (psf) (degrees)
31.0 1 Sand
(Filt)
37
0.0 2 Soft Clay 1000
'}‘518 3 Sand* 550 38 0.15
T 4 Sand 40 02
'gg'g 5 Sand 42 0.3 300
oL 6 Sand 32 0.15
-35.0 7 Sand 40 0.2
290 s sot Ciay 1000
. . - 9 Sand * 38 0.15
-50.0 10 Sand
650 32 0.15 500
-100.0 77 Stff Clay
w/o Free
/ Water
% 700 2000
-150.0 12 Stiff Clay
w/o Free
Water
750 2500
-2000 2 Till 1500

* Liquefiable Sand

Figure5. Smplified soil profile for the western U.S. site.

structure and, for thisreason, islimited to shorter total length
structures.

3.2.4 Design Response Spectra
and Time Histories

Design response spectrafrom current AASHTO specifice
tions and from the recommended L RFD provisionswere con-
structed using the procedures and site factors described in the
respective specifications. For the current AASHTO specifica-
tions, the hazard level of 10 percent PE in 50 years was used.

For the recommended LRFD specifications, both the rare
earthquake (MCE) with 3 percent PE in 75 years with deter-
ministic bounds near highly active faults, and the expected
(frequent) earthquake with 50 percent PE in 75 years, were
used as design earthquakes.

Design response spectra based on current AASHTO spec-
ifications were constructed using a peak ground acceleration
(PGA) on rock of 0.24 g for the Olympia, Washington, site,
on the basis of the map contained in the current AASHTO
specifications. Design spectra for the MCE of the recom-
mended LRFD specifications were constructed using rock
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(Site Class B) spectral accelerations at 0.2-sec and 1.0-sec
periods. These spectral values were obtained from the maps
published by the USGS. The PGA for the MCE was defined
as 40 percent of the spectral acceleration at 0.2 sec, as rec-
ommended by the LRFD provisions. Design spectral accel-
erations for the expected earthquake were obtained from the
hazard curves of probabilistic ground motions, which are on
the CD-ROM also published by the USGS.

Rock spectrabased onthe AASHTO specificationsand the
proposed LRFD provisions were adjusted for local site soil
conditions. According to the current AASHTO specifica
tions, this siteis classified as soil profile Type lll; the LRFD
provisions define the site as Site Class E. Figure 9 presents
the design response spectra of the current AASHTO specifi-
cationson soil profile Type 1, and for the MCE and the fre-
guent earthquake of the proposed LRFD specifications on
Site Class E. These site classifications represent the assessed
soil profile below the ground surface where response spectra
are defined for structural vibration design, and peak ground
accelerations are used for simplified liquefaction potential
analyses. Note that in the figure the short-period branch of
the AASHTO spectrum are assumed to drop from the accel-
eration plateau at a period of 0.096 sec to the peak ground
acceleration at 0.02-sec period, which is the same as for the
M CE spectra. Also note that, because the long-period branch
of the current AASHTO spectra declines more slowly with
period than those of theMCE (i.e., /T versus 1/T), the cur-

rent AASHTO and M CE spectraare converging asthe period
increases.

Acceleration time histories consistent with the current
AASHTO specifications and with MCE ground motions of
the proposed LRFD specifications were developed as firm
soil outcropping motions for input to the one-dimensional,
nonlinear site response analyses to assess the liquefaction
hazard of the site. These time histories were developed in
accordance with the requirements and guidelines of the pro-
posed LRFD specifications. Deaggregation of the proba-
bilistic results for the Olympia, Washington, site indicates
that significant contributions to the ground motion hazard
come from three magnitude—distance ranges: (1) magnitude
8.0t0 9.0 earthquakes occurring at distances of 70 to 80 km;
(2) magnitude 5.0 to 7.0 events occurring at distances of 40 to
70 km; and (3) magnitude 5.0 to 6.5 earthquakes occurring at
distances less than 20 km. These three magnitude—distance
ranges are associated, respectively, with (1) large-magnitude
subduction zone interface earthquakes, (2) moderate magni-
tude earthquakes occurring within the subducting slab of the
Juan de Fucaplate at depth beneath western Washington State
and in the shallow crust of the North American plate at rela-
tively large distances from the site, and (3) moderate magni-
tude earthquakes occurring in the shallow crust of the North
American plate in the near vicinity of the site.

Time historieswere devel oped for each of thesethree earth-
quake types. The selected source for (1) was the 1985 Chile
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earthquake; (2) was representative of the events occurring
within the subducting slab of the type that occurred near
Olympiain 1949 and during the 2001 Nisqually earthquake;
and (3) was the 1986 Desert Hot Springs earthquake, which
was a moderate magnitude local shallow crustal event.

3.2.5 Liquefaction Studies

The liguefaction study for the Washington State bridge
siteinvolved two phases. In the first phase, a series of lique-
faction analyseswere conducted using the SPT and CPT sim-
plified methods. Results of these analyseswere used to deter-
mine the depths at which liquefaction could occur during the
15 percent PE in 75-year and 3 percent PE in 75-year earth-
guakes. Theseresultswere also used as abasis for determin-
ing the residual strength of the soil. Concurrent with these
analyses, a series of one-dimensional nonlinear, effective
stress analyses were conducted to more explicitly define the
mechanisms for pore water pressure increase within the soil
profile, and to define the changesin ground accel erations and
deformations resulting from the devel opment of liquefaction.

3.2.5.1 Smplified Liquefaction Analyses

The first step of the procedure is to determine whether
liquefaction is predicted to occur.

Simplified liquefaction analyses were conducted using the
procedures given in Youd and Idriss (1997). Two levels of
PGA were used, one representing accel erations from the cur-
rent AASHTO specifications with its 10 percent PE in
50-year event and the other representing the proposed LRFD
specification 3 percent PE in 75-year event. The PGA for the
10 percent in 50-year event was not adjusted for site effects;
thisis consistent with the approach recommended in the cur-
rent AASHTO specifications.* Ground motionsfor the 3 per-
cent PE in 75-year event were adjusted to Site Class E, asrec-
ommended in Article 3.4 of the proposed LRFD provisions.
Theresulting PGA valuesfor each case are shownin Table 1.

The magnitude of the design earthquake was required for
the SPT and CPT simplified analyses. Results of deaggrega-
tion studies from the USGS suggest that the mean magnitude
for PGA for the 10 percent PE in 50-year and 3 percent PE
in 75-year events is 6.5. This mean magnitude reflects con-
tributions from the different sei smic sources discussed above.
However, common practice within Washington State has
been to use a magnitude 7.5 event as that representative of
the likely size of a subduction zone event occurring directly

4 Common practiceisto adjust the PGA for the site soil factors asgiven in the current
AASHTO specifications. While this adjustment may be intuitively correct, these site
factors are not explicitly applied to the PGA. If the site coefficient were applied at the
Washington State site, the PGA would be increased by afactor of 1.5, making it only
dlightly less than the PGA for the MCE 3 percent PE in 75-year event.
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below the Puget Sound area. In view of thispracticein Wash-
ington State, a range of magnitudes (6.5, 7.0, and 7.5) was
used during the liquefaction analyses.

For these analyses, ground water was assumed to occur 3 m
(10 ft) below the ground surface for the case without approach
fill. Evaluations were aso performed using a simplified
model to evaluate the effects of approach fill. For the fill
model, the soil profile with the associated soil propertieswas
the same asfor the free-field case. However, an additional 9 m
(30 ft) of embankment was added to the soil profile. This
change results in a lower imposed shearing stress (i.e.,
demand) because of the lower soil flexibility factor (Ry). No
adjustments were made to the normalized CRR valuesfor the
greater overburden. Asdiscussed in Youd and Idriss (1997),
the recommended approach for asitewherefill isadded isto
use the pre-fill CRR value, under the assumption that the
overburden effects from the fill will not have an appreciable
effect on the density of the material.

Liquefaction potential factors of safety (FOS) at the three
earthquake magnitudes (6.5, 7.0, and 7.5) are shown in Fig-
ures 10 and 11 for the 10 percent PE in 50-year and 3 percent
PE in 75-year events, respectively, for the case of no approach
fill. These results indicate that liquefaction could occur at
two depths within the soil profile for the 10 percent PE in
50-year ground motion, depending somewhat on the as-
sumed earthquake magnitude. For the 3 percent PE in 75-year
event, liquefaction is predicted to depths of 23 m (75 ft),
regardless of the assumption on the earthquake magnitude.®

Detailed results of the liquefaction analyses with the
approach fill are presented in the liquefaction study report
(ATC/MCEER, 2000). The fill case results in somewhat
lower liquefaction potential (i.e., higher FOS) due to the
lower imposed shearing stress.

3.2.5.2 DESRA-MUSC Ground Response Sudies

A nonlinear dynamic effect stress approach can be used as
amore detailed and refined way to assesswhether liquefaction
occurs and what the resulting ground motions are. For this
study, one-dimensional nonlinear effective stresssite response
analyses were conducted using the program DESRA-MUSC
(Martin and Qiu, 2001).

Theidealized site profile and related soil properties adopted
for the response analyses are again those shown in Figure 5.
Response analyses were performed for the three ground
motions, assuming a transmitting boundary input at a depth

5 The maximum depth of liquefaction was limited to 23 m (75 ft), consistent with
WSDOT’s normal practice. However, there is some controversy as to whether a max-
imum depth of liquefaction exists; some researchers have suggested that liquefaction
does not occur below 17 m (55 ft). Unfortunately, quantitative evidence supporting lig-
uefaction below 17 m (55 ft) on level ground is difficult to find even though cases of
deep liquefaction were recorded in the 1964 Alaskan earthquake. For expediency, lig-
uefaction in the simplified analysis was limited to 23 m (75 ft).
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TABLE 1 Washington State bridge case study PGA values

Input Parameter

10% PE in 50 Years

3% PE in 75 Years

Peak ground acceleration

0.24¢g

042¢g

Mean magnitude

6.5

of 61 m (200 ft), corresponding to the till interface. Analyses
were conducted for both the 10 percent PE in 50-year and
3 percent PE in 75-year events and for site profiles with and
without embankment fill. The DESRA-MUSC parameters
used for analyses for the various soil strata (G/G,., backbone,
and liquefaction strength curves) are documented in the case
study report (ATC/MCEER, 2000) together with the results of
the response analyses for al cases defined above. A represen-
tative set of results for the time history matching the site spec-

tra, but based on the 1985 Chile Earthquake—which has the
highest energy levels of the three events used for analyses (rep-
resentative of amagnitude 8 event—are described bel ow.

3.2.5.2a Nonlinear Analysis
Without Embankment Fill

The site response was analyzed for the 10 percent in
50-year and 3 percent in 75-year events without embankment

Factor of Safety

0.0 0.5 1.0 15

2.0 25 3.0 3.5 4.0

~ N

25 ey

I’TL
= L, L
3 ",:\
Py Ll
&

o

5

w \—'.—
o 3

5 50 I

3 [
(_Y) LY

z [
[o3

% P
om v

£ =
2 [
a |t

75 b o L

100

0.24g - M6.5
------ 0.24g - M7.0

— - - 0.24g - M7 5

Simplified Model

Figure10. Liquefaction potential of the 475-year return period

earthquake.



25

Factor of Safety

0.0 05 1.0 1.5 2.0 25 3.0 35 4.0
0 T
1
\
25
i
@
3 -
©
=
3
w
T
5 50 - - e
2
1]
z
2
[
s3]
£
=4
O
o]
75
0.42g - M6.5
------ 0.42g - M7.0
- 0.42g9- M7.5
100 | |

Simplified Model

Figure1l. Liquefaction potential of the 2,475-year return period

earthquake.

fill. A detailed discussion of these analyses is presented in
ATC/MCEER (2000). The following are important observa-
tions resulting from these analyses:

triggered in the 14- to 15-m (45- to 50-ft) layer, which
became the focal point for shear distortion and associ-
ated ground lurch. Maximum shear strains of about
6 percent and 10 percent for the 10 percent PE in 50-year

» The pore water pressure time history response and out- and 3 percent PE in 75-year events, respectively, over

put accelerations are very similar for the 10 percent PE
in 50-year and 3 percent PE in 75-year cases. The under-
lying reason for this is the fact that the higher input
accelerations for the 3 percent PE in 75-year case are
more strongly attenuated when transmitted through the
clayey silts between 30 and 60 m (100 to 200 ft), such
that input accelerations at the 30 m (100 ft) level for
both cases are of the order of 0.25 g.

All liquefiable layers between 3 and 30 m (10 to 100 ft)
eventually liquefied in both cases. Liquefaction wasfirst

the 1.5-m (5-ft) depth of thislayer, would suggest max-
imum ground lurches of about 0.1 m and 0.15 m (0.3
and 0.5 ft), respectively. Ligquefaction also occurred at
about the same time for the layer between 3 and 6 m
(10 and 20 ft). Maximum shear strainsin this and other
layers were relatively small, but still sufficient to even-
tually generate liquefaction. The strong focal point for
shear strainsfor the 14- to 15-m (45- to 50-ft) layer sug-
gests that this layer would also be the primary location
of lateral spread distortion.
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* Liquefaction at the 14- to 15-m (45- to 50-ft) layer, which
was triggered at about atime of 17 sec, effectively acted
as a base-isolation layer, subsequently suppressing the
transmission of accelerations above that depth, and gen-
erating amuch “ softer” soil profile. Such behavior isrep-
resentative of observations at sites that liquefied during
the Niigata and Kobe, Japan, earthquakes.

Similar trends to these were seen for the other two time his-
tories based on the Olympia and Desert Hot Springs earth-
guakes. However, for the Desert Hot Spring event, which is
more representative of a magnitude 6.5 event, liquefaction
did not occur at depths greater than 17 m (55 ft) and just
barely occurred at depths between 6 m and 9 m (20 to 30 ft)
for the 10 percent PE in 50-year event.

The above results are generally consistent with the factor
of safety calculations conducted using the simplified method.
However, one notabl e difference was the observation that the
sand layer between 7.5 m and 9 m (25 to 30 ft) with CRR =
0.3 tendsto build up porewater pressure and liquefy inaman-
ner similar to thelayersabovewith CRR = 0.2 and below with
CRR = 0.15 because of pore water pressure redistribution
effects, which are considered in DESRA-MUSC. Meanwhile,
the simplified method, which assumes no drainage during
earthquake shaking, indicates factors of safety greater than
1.0 for 50 percent PE in 50-year events. The effects of redis-
tribution also tend to suppress the rate of pore water pressure
build up in the layer between 9 m and 10.7 m (30 to 35 ft).

3.2.5.2b Nonlinear Analysis with Embankment Fill

Analyses with embankment fill for the 10 percent PE in
50-year and 3 percent PE in 75-year eventswere conducted in
amanner similar to that for the case without embankment fill.
Asinthe simplified method, the effect of thefill isto suppress
therate of pore water pressure buildup inthe DESRA-MUSC
analyses (or increasethefactor of safety in the case of thesim-
plified method). However, the overall response is similar for
both the 10 percent PE in 50-year and 3 percent PE in 75-year
cases as that of the case without embankment fill.

Liquefaction was first triggered in the 14- to 15-m (45- to
50-ft) layer, which became the focal point for shear distortion
(smilar to the nofill case). Liquefaction also occurred at about
the same time for layers between 3 m and 6 m (10 to 20 ft).
However, liquefaction was suppressed in layers between 6 m
and 12 m (20 to 40 ft). The strong focal point for shear strains
for the 14- to 15-m (45- to 50-ft) layer again suggeststhat this
layer will be the primary location of lateral spread distortion.
Similar trends to those described above were also seen for the
time histories based on the Olympia and Desert Hot Spring
earthquakes although, as for the no embankment fill case, lig-
uefaction did not occur at depths greater than 17 m (55 ft) for
the 10 percent PE in 50-year Desert Hot Springs event.

The above results are again generally consistent with the
factor of safety calculations using the simplified method, but
with the notable differences that for the 10 percent PE in
50-year Olympia and Chile events, liquefaction occurred at
depths between 21 m and 30 m (70 to 100 ft), whereas fac-
tors of safety would have been greater than 1.0 based on the
simplified method. Thisreflects the “ bottom-up” wave prop-
agation used in DESRA-MUSC, versusthe “top-down” iner-
tial loading from the simplified method.

3.2.5.3 Lateral Ground Displacement Assessment

Based on the results of the smplified liquefaction studies,
two liguefiable zones were identified for stability and dis-
placement evaluations. One extends from a depth of 3 m to
6 m (10 to 20 ft) below the ground surface. The other extends
from 14 mto 17 m (45 to 55 ft) below the ground surface. The
residual strength of these two liquefied zones was selected as
14 kPa (300 psf), which was based on SPT blow counts in
each layer. Soils between 6 m and 12 m (20 to 40 ft) below
the ground surface and between 17 m and 30 m (55 to 100 ft)
below the ground surface were assumed to have a partial
build-up in pore water pressure, resulting in some reduction
in the friction angle of the nonliquefied sand layers; thiswas
readily apparent in the DESRA-MUSC analyses. For these
conditions, the response of the end slope at the approach fill
on each side of the river channel was estimated by conduct-
ing pseudo-static stability analyses followed by simplified
deformation analyses using chart-based Newmark analyses.

3.2.5.3a Initial Stability Analyses

Once liquefaction had been determined to occur, a stability
analysis was performed to assess the potential for soil move-
ment. The computer program PCSTABL (Purdue University,
1995) was used during these analyses. Most analyses were
conducted using asimplified Janbu failure method of analysis
with awedge failure surface, asthis geometry was believed to
be most representative of what would likely develop during an
earthquake. Checks were also performed for a circular fail-
ure surface, using the modified Bishop and Spencer methods
of analysis. Both pre- and post-liquefaction strengths were
used during these analyses.

Results of the pre-liquefaction studies indicate that the sta-
tic FOSfor the end slopes on each side of the channel were 1.5
or greater, confirming that acceptabl e static conditions existed.
Yield accelerations (i.e., accelerations that produce FOSs of
1.0 on postul ated failure surfacesin the pre-liquefaction state)
were typically greater than 0.15 g, suggesting that some
deformation would occur within the end slopes, even with-
out liquefaction.

FOS values dropped significantly when residua strengths
were assigned to the two liquefied layers, as summarized in
Table 2. For these analyses, the geometry of the failure sur-
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TABLE 2 Factorsof safety resulting from stability analyses

Case Abutment Factor of Safety Analysis Method
Upper wedge Right 0.71 Modified Janbu
Lower wedge Right 0.79 Modified Janbu
Upper circle Right 0.81 Modified Bishop
Lower circle Right 0.86 Modified Bishop

faces was constrained to force failure through the upper or
lower liquefied zone. Results givenin Table 2 are for post-
liquefaction conditions.

Results of the stability analyses for the right-hand abut-
ment indicate that, for liquefied conditions and no inertial
force in the fill (i.e., after the earthquake), the FOS's range
from 0.7 to 0.9 for the different assumptions of failure sur-
face location and method of analysis. FOSvalueslessthan 1.0
indicatethat lateral flow failure of thematerial isexpected dur-
ing any event that causes liquefaction in the two layers,
whether it is associated with the 10 percent PE in 50-year or
3 percent PE in 75-year event. The potentia for instability is
similar for failure surfaces through the upper and lower lay-
ersof liquefied soil, suggesting that any mitigation procedure
would have to consider displacements through each layer. In
other words, it would not be sufficient to improve only the
upper 6 m (20 ft) of soil where the FOS was lower, asalig-
uefaction-related failure could also occur at greater depths.

Given the predicted occurrence of aliquefaction-induced
flow failure, it would be desirable to quantify the amount of
displacement expected during this flow. Unfortunately, this
is quite difficult when flow failures are predicted to occur.
Neither simplified chart methods nor Newmark time history
analyses can be used to compute displacements associated
with flow failures. However, flow displacements could be
large, and such large displacements would indicate that mit-
igation may be required. More detailed analyses considering
both structural pinning effects and ground modifications for
mitigation of displacements are discussed in the following
sections.

3.2.5.3b Lateral Spread Implications
Based on DESRA-MUSC Analyses

A key conclusion from the DESRA-MUSC anayses was
that thereisastrong likelihood that | ateral spread deformations
will be controlled by a failure zone in the 14-m to 15-m
(45- to 50-ft) layer. Displacement time histories for a rigid
block diding onthislayer (assuming aNewmark diding block
analogy) were generated for a range of yield accelerations,
using input accel eration time histories generated at the base of
the 15-m to 17-m (50- to 55-ft) layer. The analyses were
performed using the DISPMNT computer program (Hous-
ton et a., 1987). “Upslope’ deformations were suppressed,
assuming a strong one-directional driving force from the
embankment. At time zero, drained strengths for the lique-
fied layer were assumed. Strengths were degraded as a func-

tion of pore water pressure increase and reduced to the
assumed residual strength of 14 kPa (300 psf) when lique-
faction was triggered. As would be expected, most of the
computed displacements occurred subsequent to triggering.

Results showing displacement time history plots for the
3 percent PE in 75-year event, based on the Chile earthquake,
as a function of yield acceleration are shown in Figure 12.
Total accumulated displacements asafunction of yield accel-
eration are shown in Figure 13 for the three earthquake
recordsdiscussed previously. Theseresultswere the basisfor
the remediation analyses, as described in the next section.
Similar analyses conducted to assess potential failure sur-
facesin the depth zone of 3mto 6 m (10 to 20 ft) gave amax-
imum displacement of only 18 mm (0.7 in.).

3.2.5.3c Stability Analyses
with Mitigation Measures

Because it was determined in this case study that signifi-
cant soil movements will occur, the liquefaction design pro-
cedure requires an evaluation of measuresthat will reduce the
amount of movement. Two procedures were evaluated for
mitigating the potential for lateral flow or spreading: (1) struc-
tural pinning and (2) ground improvement. For these analy-
ses, the additional resistance provided by the improved
ground or by the structura pinning of the soil was incorpo-
rated into the stability analyses described above. If the FOS
for the revised analysis is then greater than 1.0, the yield

Washington Site : Chile EQ - 2475 Year Event

Yield acceleration = 0.02g

Yield acceleration = 0.04g

Displacement (ft)
o

0.5
Yield acceleration = 0.08g
0
0 20 40 60 80 100
Time (s)
Figure12. Displacement versustime for the 2,475-year
earthquake.
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acceleration for the mitigated condition is determined; thisis
then used to estimate displacements. If the FOS is till less
than 1.0, then flow will still occur and additional mitigation
measures are required.

For the structural pinning evaluation, shear forces were
calculated as 0.4 MN (90 kips) per pile for sliding on either
the upper or lower failure surfaces. (Note that proceduresfor
determining the amount of pinning force are discussed in
Section 3.2.6.2¢). The abutment has 12 piles that extend
through the sliding zone, resulting in 4.8 MN (1,080 kips) of
additional shear reaction to diding. Pier 5 of the bridge has
16 piles that produce 6.4 MN (1,440 kips) of pinning force.

The abutment and columnsfor Pier 5 are expected to devel op
reaction forces from passive pressure and column plastic
shear. These forces were calculated to be 1.8 MN and
1.9 MN (400 and 420 kips), respectively. This reaction
occursover the 14.6-m (48-ft) width of the abutment and pile
cap, resulting in atotal resistance of 0.45 MN and 1.02 MN
per meter (31 and 70 kips per foot) of width (or 6.6 MN and
14.9 MN (1,480 and 3,340 kips), total) for displacement
along the upper and lower liquefied zones, respectively.
This reaction force was introduced into the slope stability
analysis using two different methods; both procedures gave
generaly similar results. The two methods were as follows:



» A thin vertical slice the width of the pile group was
placed at the location of the pile. This slice was then
assigned a strength that gives the same total pile resis-
tance per unit width.

» The resistance per unit width was converted into an
equivalent shear strength along the shear plane in the
liquefied zone, and this equivalent strength was added
to the residual strength of 14.4 kPa (300 psf). For these
analyses, the upper failure plane was determined to be
31.7 m (104 ft) in length, giving an added component to
the liquefied strength of 14.4 kPa (300 psf). The result-
ing strength assigned to the liquefied layer wastherefore
28.8 kPa (600 psf). For the lower zone, the surface is
40.2m (132 ft) inlength, resulting in an average pinning
resistance of 25.4 kPa (530 psf) and atotal resistance of
39.7 kPa (830 psf).

The FOSfor thelower surfaceisgreater than 1.0 for the post-
liquefaction case, indicating that a post-earthquake flow fail-
ure would not occur. However, under the slopeinertial 1oad-
ing, displacement of the slope could occur, and this can be
assessed using the Newmark dliding block analysis once the
yield acceleration is determined. The upper surface has a
FOS of 1.0, indicating that flow failure is on the verge of
occurring.

The yield acceleration for the lower surface was deter-
mined by varying the seismic coefficient within the slope sta-
bility analysis until the factor of safety was 1.0. Thisanalysis
resulted in the lower surface yield acceleration of 0.02 g. For
the upper surface, it was assumed that the yield acceleration
was zero, since the FOS was 1.0 without any additional iner-
tial force.

For the ground improvement case, different widths of
improved ground were used below the abutment. The
improved ground extended through each of the liquefied
zones. Sail in the improved ground was assigned a friction
angle of 45 deg. Thisincreasein strength was assumed to be
characteristic of mitigation through stone columns or from a
similar improvement procedure. As in the structural pinning
case, two procedures were used to represent the improved
zone. One was to moded it explicitly; the second involved
“smearing” the reaction from the improved strength zone
across the failure surface by increasing the strength of the
soil in the liquefied zone to give the same reaction. The
resulting FOS was greater than 1.0 for al cases, indicating
that flow would not occur. This allowed yield accelerations
to be computed as a function of the width of the improved
zone as shown in Table 3, which can then be used to esti-
mate the displacements that can occur.

TABLE 3 Computed yield accelerations

Width Yield Acceleration
9 m (30 ft) 0.12 g
15 m (50 ft) 033 g
21 m (70 fi) 0.65¢g
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3.2.5.3d Displacement Estimates
Based on Simplified Methods

Once lateral flow has been prevented, the amount of dis-
placement that occurs from inertial loading on the failure
wedge is estimated. Displacements were estimated for the
yield accelerations given above using simplified methods.
For these estimates, methods recommended by Franklin
and Chang (1977), Hynes and Franklin (1984), Wong and
Whitman (1982), and Martin and Qiu (1994) were used. All
the methods approach the problem similarly. However, the
Hynes and Franklin, Wong and Whitman, and Martin and
Qiu methods eliminate some of the conservatism that is
implicit in the Franklin and Chang method. For the Franklin
and Chang method, it is necessary to define both the peak
acceleration and velocity. The ratio of velocity to accelera
tion was assumed to be 30 for this study, based on typical
observations from recordings of more distant events. For
near-source events with epicentral distances less than about
15km, thisratio can be ashigh as60. | n the case of the Hynes
and Franklin method, displacements can be obtained for the
mean, mean plus one sigma, and upper bound displacements.
The mean displacements are used for this study.

The Martin and Qui study was based on the Hynes and
Franklin database, but included the peak ground acceleration
as an additional variable in the data regression analyses.
Mean values were aso used in their regressions. Each of
these simplified methods relates displacement to the ratio of
yield acceleration to peak ground acceleration (Kn.). For
these evaluations, k., was 0.24 g and 0.42 g for the 10 per-
cent PE in 50-year and 3 percent PE in 75-year events,
respectively.

The approximate displacement from the Martin and Qiu
method for the 10 percent PE in 50-year event is 0.7 m
(28 in.). For the 3 percent PE in 75-year event, the displace-
mentis1l.1m(42in.).

The proposed LRFD provisions recommend that the Mar-
tin and Qiu results be used. The Franklin and Chang and the
Wong and Whitman results provide possibl e upper and lower
bound ranges on the displacements, but they are not thought
to be as credible as the Hynes and Franklin and the Martin
and Qiu resullts.

3.2.5.3e Displacement Estimates
Using Site Response Analysis Results

Similar estimates to those obtained from the simplified
methods described above may be made using nonlinear effec-
tive stress methods. These are based on displacement versus
yield acceleration curves, as shown in Figure 13. As the
curves are essentially identical for the 10 percent PE in
50-year and 3 percent PE in 75-year events, the displacement
estimates shown in Table 4 are for both events and for the
lower yield surface at the 14-m to 17-m (45- to 55-ft) depth.

These estimates are generally consistent with the estimates
from the simplified methods, although the site-specific results
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TABLE 4 Displacement estimatesfor siteresponse analyses

c Displacements in mm (in.)
ase Chile Olympia Desert Hot Springs
Pile Pinning 740 (29) 180 (7) 75(3)
Stone Columns
> 9-m (30-ft) width <BM <BW <50

indicate that the event representative of thelarge mega-thrust
subduction zone earthquake (Chile) will produce the largest
displacements. The displacements from a moderate magni-
tude subduction zone intraslab earthquake (Olympia) and a
moderate magnitudelocal shallow crustal earthquake (Desert
Hot Springs) produce much more modest displacements that
could be accommodated by the foundations.

3.2.6 Structural Analysis and Design

The procedures for the design of bridges for liquefaction
effectsgenerally requiretwo components. Thefirstisthat the
bridge must perform adequately with just the liquefaction-
induced soil changes. This means that the mechanical prop-
erties of the soil that may liquefy are changed to reflect their
liquefied values (i.e.,, properties such as stiffness are
reduced). Design for these cases is essentially a design
for structural vibration effects, and these are the effects
that code-based procedures typically cover for design. The
second component of the design is the consideration of
liquefaction-induced ground movements.

The potentia interaction or combination of these effects
must be addressed in the design and, at the present time, there
is insufficient understanding of the phenomena to warrant
performing acombined anaysis. Therefore, the methodol ogy
recommended in the proposed L RFD provisionsisto consider
the two effectsindependently; that is, in adecoupled manner.
The reasoning behind thisisthat it isnot likely that the peak
vibration response and peak spreading or flow effects will
occur simultaneously. Infact, for most earthquakes, the peak
vibration response is likely to occur somewhat in advance
of the maximum ground movement loading. Furthermore,
response decoupling allowstheflexibility to use separate and
different performance criteriafor design to accommodate the
two phenomena. However, in areas where extended shaking
could result in the two phenomena occurring concurrently, it
may be desirableto use morerigorous coupl ed effective stress
computer models.

3.2.6.1 Vibration Design

Vibration design was done using both the current AASHTO
specifications and the proposed L RFD provisions. For the pro-
posed LRFD approach, both the 3 percent PE and 50 percent
PE in 75-year events were considered. Because the primary
objective of the study was to compare the results obtained
from the existing and proposed provisions, the designs were

done in a preliminary manner, which was thought to be suffi-
cient to highlight the mgjor differencesin the two approaches.
A brief summary of this assessment follows; a more detailed
discussion can be found in ATC/MCEER (2000).

The bridge is comprised of multi-column bents; the exist-
ing AASHTO provisions therefore use an R-Factor of 5,
while the proposed LRFD provisions allow an R-Factor of 6
(provided that anonlinear static displacement check isdone).
For the 50 percent PE in 75-year event, the proposed LRFD
provisions allow an R-Factor of 1.3.

For the longest columns, the proposed LRFD provisions
for the 3 percent PE in 75-year event require a column steel
content of 1.4 percent, which wastherefore controlled by the
50 percent PE in 75-year event. The 50 percent PE in 75-year
event also produced a design moment that was approxi-
mately 20 percent larger than the 3 percent PE in 75-year
event. Thisis dueto the relative magnitudes of the R-Factors
and of the input spectra. For the current AASHTO provi-
sions, the design required 1 percent steel in the columns.
Similar results were obtained for Pier 2.

Thefoundation configuration used as starting point for both
the existing AASHTO and the proposed LRFD provisions
was the same. Thisis because one objective of the study was
to evaluate a system that worked for the existing provisions
when it was subjected to the effects of thelarger design earth-
guake contained in the proposed LRFD provisions.

The pier designs were checked for displacement capacity,
using an approximate “pushover” anaysis. The assessment
considered the superstructure and the pile caps as rigid
restraints against rotation for simplicity. While this check is
only explicitly required in the proposed LRFD provisions, the
checks were also performed on the designs based on the cur-
rent AASHTO provisions. All columns met the checks (i.e,
the displacement capacity exceeded the demands).

The recommended specification also requires that the dis-
placements be checked for P-A effects. In other words, the
lateral shear capacity of each bent defines a maximum dis-
placement that can be accommodated without experiencing
problems resulting from displacement amplification due to
P-A effects. It was determined that both piers are adequate
with respect to P-A effects.

3.2.6.2 Lateral Spreading
Sructural Assessment and Design

In Section 3.2.5.3, thetendency for the soil near Piers5 and
6 to move during or after a major earthquake was assessed.



Once it was determined that lateral spreading would occur,
the next step was to evaluate the beneficial pinning action of
the foundation system in the analysis. This section describes
the method of determining the pinning forceto add to the sta-
bility analyses of Section 3.2.5.3, and it describesthe process
of determining whether flow around the foundation will occur
or whether the foundation will move with the soil.

3.2.6.2a Modes of Deformation

As discussed above, there are two potential dliding sur-
faces for the end of the bridge nearest Piers 5 and 6 that can
occur during liquefaction. Oneis at the base of the upper lig-
uefiable layer and the other is at the base of the lower lique-
fiable layer. These potential deformation modes must be
assessed to evaluate the forces that develop in the piles and
to determine the overall resistance of the bridge.

The overall foundation deformation modes may be for-
mally assessed using modelsthat consider both the nonlinear
nature of the soil resistance and the nonlinear behavior of the
piles and foundations, when subject to prescribed soil dis-
placement profiles. In this study, the deformations and struc-
tural behavior were approximated using assumed displaced
structural configurations that are approximately compatible
with the constraints provided by the soil. Examples of these
configurations are given in Figures 14, 15, and 16. In this
example, the abutment foundation will move in a manner
similar to that shown in Figure 14 because there are diding
bearings at the substructure-to-superstructure interface. In
the figure, the frictional forces transferred through these
bearings have been conservatively ignored.

Pier 5 will move similar to the mode shown in Figure 15.
Under this displaced shape, both the columns and the piles
contribute to the lateral resistance of the foundation. The
columns contribute because there is an integral connection
between them and the superstructure. In the current assess-
ment, any residual displacements have been ignored. Reduc-
tions in resistance due to P-A effects are also shown in Fig-
ure 15, but for many of the deformations and column height
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Figure14. P-delta effects on a stub abutment.
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Figure 15. P-delta effectsfor an intermediate pier with
piles and pile cap.

combinations considered in this study, thisreductionissmall;
it has not therefore been included in the cal culations.

3.2.6.2b Foundation Movement Assessment

An assessment should al so be made asto whether the soil
will move around the foundation or whether it will move
the foundation with it. Passive capacities of the variouslay-
ered soils were extracted from the p-y curves generated by
conducting LPILE (Reece and Wang, 1997) analyses for
the piles.® These forces represent the maximum forcethat is
exerted against the piles as the soil moves around the pile.
This, then, isthe upper bound limit state of the soil force that
can be devel oped. Additionally, the maximum passive forces
that can be devel oped against the pile caps and abutment stem
wallswere devel oped. Two total forces were devel oped; one
for shallow-seated soil failure and one for deep failure. The
shallow failure will develop approximately 4.9 MN (1,100
kips) per pile and the deep failure approximately 15.6 MN
(3,500 kips) per pile at the point where the soil is moving
around the foundation. By comparison, one pile with a clear
distance of 9 m (30 ft) between plastic hinges can develop
about 0.4 MN (90 kips) of shear at the point whereafull plas-
tic mechanism has formed in the pile. The conclusion from
thiscomparisonisthat thereisno practical likelihood that the
soil will move around the piles. Instead, the foundations will
be pushed along with the soil asit displaces toward the river
channel beneath the bridge.

Intuitively, it is reasonable to expect that soil will move
around a pile if there is no crust of non-liquefied material

5 LPILE isacomputer program used to evaluate lateral response of piles subjected to
loads and moments at the pile head.
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Figure 16. Plastic mechanismfor an integral abutment
supported on piles.

being carried along with the displacing soil. In the case exam-
ined here, there are significant depths of non-liquefied mater-
ia abovetheliquefiable material, and it isthat material which
contributesto the high passiveforces. Thus, if adefined crust
exists, the foundations are likely to move with the soil.

There are now two questions that must be considered:
(1) can the foundation systems endure the displacement that
the soil produces? And (2) can the foundations appreciably
reduce the soil movement via pinning action?

3.2.6.2c Pinning Force Calculation

Various types of pinning forces were discussed above and
wereincluded inthe stability analysesto investigate the effec-
tiveness of including the existing foundation pinning. Thefol-
lowing discussion describes how the pinning force values
were determined.

Figure 17 illustrates qualitatively the forces developed
against the foundations and how they are reacted using the
bridge deck as a strut. Two soil blocks are shown, Block A
on the right and Block B on the left. Block A represents a
postulated deep-seated dlide that affects both Piers 5 and 6.
Shears Vs and V ¢ represent the pinning shear force devel-
oped by the piles of Pier 5 and 6, respectively. Shear Vs is

the shear contributed by the Pier 5 columns, while Vs isthe
passive resistance provided by the backfill acting against the
end diaphragm.

While Block A is the most likely of the two to move,
Block B isshowninthisexampletoillustrate where and how
theforcestransferred into the bridge by Block A areresisted.
In this case, the bridge deck acts as a strut. Note that if asig-
nificant skew exists, then these forces cannot be resisted
without some overall restraint provided to resist rotation of
the bridge about a vertical axis.

Figure 18 illustrates the pinning forces acting on a soil
block dliding on the lower liquefiable layer. In this case, the
piles at the abutment and Pier 5 each contribute about 0.4 MN
(90 kips), the abutment itself about 1.8 MN (400 kips), and
the columnsat Pier 5about 1.9 MN (420 kips). Thetotal abut-
ment pile resistance is 4.8 MN (1,080 kips), which corre-
sponds to the approximate plastic mechanism shear with 9-m
(30-ft) clear between points of assumed fixity in the piles.
This comprises 3 m (10 ft) of liquefiable material and 5D
(where D = the pile diameter) to fixity above and below that
layer.” The upper portion of the soil block is assumed to
move essentially as arigid body and, therefore, the piles are
assumed to be restrained by the integrity of this upper block.
The pile resistance at Pier 5 is determined in a similar man-
ner, and the shear that the Pier 5 piles contribute is 6.4 MN
(1,440 kips). The abutment passive resistance correspondsto
half of the prescribed passive capacity of the backfill and is
assumed to act against the end diaphragm. The abutment fill
is assumed to have slumped somewhat due to the movement
of the soil block, and thus half of the nominal resistance was
judged to be reasonable. The column resistance at Pier 5 is
1.9 MN (420 kips), which suggests that plastic hinging has
occurred at the tops and bottoms of the columns at this pier.

These forces [14.9 MN (3,360 kips)] represent maximum
values that occur only after significant plasticity develops. In
the case of Pier 5, the approximate displacement limit is 550
mm (22 in.), which comprises 100 mm (4in.) to yield and 450
mm (18 in.) of plastic drift. The plastic drift limit is taken as
0.05 radians. The 550-mm (22-in.) displacement limit of Pier
5iscontrolled by the piles. Because the piles of Pier 6 arethe
same, their limit is also 550 mm (22 in.) of displacement.

Because the Pier 5 columns are longer than the distance
between hinges of the piles, the column displacement limits
are 175 mm (7 in.) at yield, and 860 mm (34 in.) total. The
fact that the piles control the displacement limit in this case
impliesthat some margin is available in the column to accom-
modate any residual plastic hingerotationsthat remaininthe
column after strong shaking stops.

Figure 19 showsthe displaced shape of the foundationsfor
ashallow (upper layer) soil failure. In this case, the distance

7 Fixity was assumed to devel op 5D abovetheliquefied layer. In an actual design case,
alateral analysisusing acomputer code such as LPILE could be conducted to be more
rigorous about the distance to fixity.
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Figure18. Piers5and 6 resisting lateral spreading through a deep wedge.

between plastic hingesin the pilesis9 m (30 ft), just aswith
the deeper failure, and thus the plastic shear per pile is
0.4 MN (90 kips). Thetotal contributed by the pilesisthere-
fore 4.8 MN (1,080 kips) as before.

As discussed in Section 3.2.5.3, the estimated displace-
ments for the lower or deeper failure wedges were 0.7 m
(28 in.) for the 10 percent PE in 50-year event and 1.1 m
(42in.) for the 3 percent PE in 75-year event. Neither of these
are within the plastic capacity of the piles, and either addi-

tional piles could be added as “pinch” piles® or ground reme-
diation could be used. It will be recalled that the yield accel-
eration for the upper failure was essentially zero for both the
10 percent PE in 50-year and 3 percent PE in 75-year events,
which indicates that some remediation would be required to
stabilize the fill and its toe for both design events.

8 Pinch piles refer to piles driven at close spacing to increase the shear resistance or
density of a soil mass. In the Pacific Northwest, these are often timber piles.
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Figure19. Pier 6 resisting lateral spreading through a shallow wedge.

3.2.7 Comparison of Remediation Alternatives

The primary intent of these analyses was to determine the
potential effects of increasing the seismic design criteriafrom
the current AASHTO 10 percent PE in 50-year criteriato the
proposed LRFD 3 percent PE in 75-year MCE criteria. Lig-
uefaction was predicted to occur for both events and, as a
consequence, thereislittle difference in the amount of reme-
dial work required for either the current AASHTO or pro-
posed LRFD MCE criteria.

3.2.7.1 Summary of Sructural
and Geotechnical Options

Mitigation measures are assessed based on the desired per-
formance requirement of the bridge. The first option is to
assess the performance in its as-designed configuration. If
this results in unacceptable performance, a range of mitiga-
tion measures is then assessed.

For this example, some form of structural or geotechnical
remediation is reguired at the right-hand abutment because
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the yield acceleration for the upper failure wedge is zero.
Thisimplies that this wedge is unstable under static condi-
tions after the soil liquefies, which it does in both the pro-
posed LRFD 3 percent PE in 75-year and current AASHTO
10 percent in 50-year events.® Two choicesfor improving the
conditions were considered: the use of additional piles or
ground improvement with stone columns. Since the yield
acceleration for the upper failure surface is so low, the more
effective choice of the two is to use stone columns. These
provide the combined advantage of increasing the residual
shear strength of the dliding interface and they can reduce
pore water pressure build up, thereby postponing or possibly
eliminating the onset of liquefaction.

Because the lower failure wedge also has arelatively low
yield acceleration of 0.02 g, it makes sense to extend the mit-
igation deep enough to improve the deeper soil layersaswell.
Thislow yield acceleration resultsin displacements of 0.7 m
(28in.) and 1.1 m (42 in.) for the current AASHTO and pro-
posed LRFD provisions, respectively, from the simplified
analyses, and displacements of approximately 0.7 m (29in.)
for both events for the time history corresponding to the
mega-thrust subduction zone earthquake for the site-specific
Newmark analyses. The decision to improve the deeper lay-
ers requires that stone columns extend on the order of 15 m
(50 ft) deep. However, stone column remediation work will
limit displacements to less than 100 mm (4 in.). This will
keep the piles within their elastic range and will meet the
highest level of operational performance objectives in the
foundation system.

Although in this example the left-hand abutment was not
evaluated in detail because the FOS from the initial stability
analyseswasgreater than 1.0, acost-benefit assessment would
typically be made to determine if some remediation work on
the left-hand abutment is cost-effective. Once a contractor is
mobilized on the site, it islogical to provide improvement on
both sides of the river. It may be that, upon more in-depth
investigation, the stone columns could be spaced further apart
or applied over asmaller width on the left-hand bank.

3.2.7.2 Comparison of Remediation Costs

Asnoted above, remedia work will be required for both the
current AASHTO and proposed LRFD MCE events. The
stone column option would likely be applied over a9 m (30 ft)
length in the longitudinal direction of bridge, since that pro-
duced acceptable displacements (i.e., within the elastic capac-
ity of the piles) of lessthan 100 mm (4 in.) for the site-specific
results. The width would, at a minimum, be 15 m (50 ft) and
the depth would be the same. If the columns were spaced

 The approach fill and ground profile conditions for the bridge considered in this
study are more severe than that used in the actual bridge that this example was mod-
eled after. Thus, the implication of instability here does not imply instability in the
prototype structure.

roughly on 2 m (7 ft) centers, then 40 stone columns would
be required. At approximately $98 per lineal meter ($30 per
lineal ft), the overall cost of stone columns per approach fill
would be on the order of $60,000; i.e., about $120,000 for
both sides of the river if the left-hand fill were judged to
require remediation.

Asarough estimate, the overall cost of the bridge, based on
finished deck square-footage costs of $100 to $150 in Wash-
ington State, is between $2 million and $3 million. If the
higher amount is used, due to the fact that the bridge is over
water and the foundation system is relatively expensive
because of its depth, the cost to install stone columns on the
right-hand side is on the order of 2 percent of the overall
bridge cost. If both sideswere remediated, then the stone col -
umn costswould add about 4 percent to thetotal bridge costs.
It should be noted that this additional cost will produce a
foundation performance level that meets the operational cri-
teriafor both earthquake return period events.

If pinch piles are used to augment the foundation piles, the
pinch pileswould not need to be connected to the foundation,
nor would they need to extend as deep as the load-bearing
foundation piles. The per-pile costs for the foundation piles
were estimated to be on the order of $10,000 to $12,000 each
for 55-m (180-ft) long piles. If shorter piles on the order of
24-m (80-ft) long are used, their costs would be about half as
much. Thus, if pinch pileswere used, about 10 to 12 piles per
side could beinstalled for the same cost as the stone column
remediation option. Although detailed analyses have not been
performed with these pinch piles, the amount of movement
anticipated would bein the range of 150 mm to 300 mm (6 to
12in.), rather than the 100 mm (4 in.) obtained with the stone
columns. Therefore, the stone column option would appear
to be the more structurally and cost-efficient option in this
situation. On a specific project, combinations of the two
options should be evaluated in detail.

It isuseful to recognize that in this situation some remedi-
ation would be required for both the current AASHTO and
proposed L RFD MCE events, because of the predicted insta-
bility of the upper failure wedge. In the case of the former,
remediation isrequired to adepth of 15 m (50 ft) because the
anticipated movement of the lower failure wedge would be
on the order of 0.7 m (28 in.) for the simplified analyses and
0.8 m (30 in.) for the site-specific analysis, both of which
exceed the 0.6 m (22in.) limit. For the proposed LRFD MCE
event, movement on the order of 1.1 m (42 in.) is predicted
by thesimplified analysisand 0.8 m (30in) by the site-specific
analyses. Consequently, remediation isrequired to adepth of
15 m (50 ft) for both events. Hence the difference in cost for
this site and bridge between the two design earthquakes is
minimal.

3.2.8 Missouri Bridge Example

As noted earlier, a second bridge, which is located in the
New Madrid earthquake seismic zonein the lower southeast



corner of Missouri, was also assessed in thisstudy. Thisloca
tion was selected asit is one where a significant seismic haz-
ard occurs, and there are numerous stream crossings and
low-lying areas where the potential for liquefaction also
exists. Thiscentral United Statessitewasasoincludedinthe
study since the effects of different source mechanisms and
differences in shaking levels between the current AASHTO
and proposed LRFD MCE events could be assessed. Since
the design process and procedures used for this examplewere
similar to that done for the Washington State example, a
detailed discussion of this example is not provided herein;
however, the next section provides a discussion of some of
the results of the Missouri case study, in comparison to the
Washington State example. Details of the Missouri case
study can be found in ATC/MCEER (2000).

3.2.9 Summary and Conclusions
Resulting from the Liquefaction Case Studies

There are two phenomena that must be considered in the
design of a bridge on aliquefiable site. Thefirst is the tradi-
tional vibration design based effectively on the response
spectrafor the site, which corresponds to the design process
considered in the current AASHTO provisions. The second
phenomenonislateral forcesinduced by lateral movementin
the soil, either by flow dliding or lateral spreading.

For the proposed L RFD M CE event, the recommended per-
formance objective is “life-safety” and, for many bridges,
deformation can be allowed in the foundation for the latera
spreading case. Mitigation measures are ableto achieve higher
levels of performance, so that piles remain within their elastic
capacity when desired. The vibration cases are designed for
inelastic response above ground that occurs at inspectable
locations. It is believed that allowing some inelastic action in
the presence of large spreading movements during the MCE
event is necessary. Because spreading-induced deformations
are displacement-controlled, instability of the system is
unlikely even though some damage may exist in the founda-
tions. The implication of this decision isthat abridge and its
foundations may need to be replaced after an MCE event;
this, however, avoids a significant expenditure of funds to
prevent displacements from occurring in the first place.

Designfor vibration and for lateral spreadingisdoneinde-
pendently, as coupling of the vibration load case and the
spreading load case is not usually warranted. The vibration
design is considered separately from the spreading design
because it is unlikely that the maximum vibration effect and
the maximum lateral spreading forces occur simultaneously.
This de-coupled approach is considered reasonable with
respect to the current state of knowledge and practice.

The recommended approach is to determine the ground
movements that are likely to occur at the site. These should
includethe effects of altered site configurations (e.g., through
the addition of fills) and the beneficia effects that can occur
due to pinning of piles. The prediction of lateral spreading
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can be made using currently accepted simplified methods or
site-specific analyses, asoutlined in ATC/MCEER (2000). It
was hoted in the two cases studied here that there can be sig-
nificant variation in the predicted displacements using differ-
ent methods; this indicates that the designer should be aware
that there can be asignificant range in antici pated movements.
Although refined accuracy is not considered warranted, the
beneficia resistance of the substructure should be included
in the assessment of movements. The substructure is then
assessed for the predicted movements and, if it cannot toler-
ate the predicted displacements, ground or structural remedi-
ation should be used.

It isimportant to recognize that the two case studies con-
ducted in this project are based on conditionswhereby lateral
spreading is parallel to the superstructure, which istypically
inthe“strong” direction of the bridge. If the spreading effect
is skewed with respect to the superstructure or piers, then the
skew must be accounted for in determining the likely plastic
mechanism that will control.

The conclusions from this study on the effects of lique-
faction when the design earthquake return period isincreased
from the existing AASHTO 10 percent PE in 50-year earth-
guake to that of the proposed LRFD 3 percent PE in 75-year
M CE earthquake are summarized as follows:

* For both the Washington State and Missouri examples,
there are were additional costs required to accommodate
liquefaction when the bridge was properly designed for
the current AASHTO earthquake and was then subjected
to the proposed LRFD MCE earthquake for the life-
safety level of performance.

+ For the Washington State example, liquefaction occurred
for the current AASHTO event, and it was necessary to
provide stone column mitigation measures in the upper
9 m (30 ft) or so. Thiswould also most likely be neces-
sary at both abutments (only one was assessed in this
example). The cost for stone columns at both abutments
was estimated to be on the order of 2 percent of thetotal
bridge cost. For the proposed LRFD MCE event, simi-
lar measures were required with the depth of the stone
columns extended to 15 m (50 ft). The estimated cost of
thisremediation is on the order of 4 percent of the total
bridge cost.

* For the Missouri example, liquefaction did not occur dur-
ing the current AASHTO 10 percent PE in 50-year event.
In addition, the bridge was capable of meeting the lique-
faction requirements for the proposed LRFD 3 percent
PE in 75-year MCE event, with liquefaction occurring at
a depth of 6 m to 12 m (20 to 40 ft), through pinning
action of the piles. By allowing some indastic deforma-
tionsin the piles, no ground improvement was required.

* For both the Missouri and Washington State sites, the
highest operational level of performance can be achieved
inthefoundation system (i.e., pilesremain elastic) for the
proposed LRFD 3 percent PE in 75-year MCE event by
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improving the ground with stone columns. Thisimprove-
ment can be achieved for less than 5 percent additional
cost in the case of the Washington State site and lessthan
10 percent additional cost in the case of the Missouri site.

» Thisstudy demonstrated the beneficia effects of consid-
ering the resistance that the bridge substructure provides
against lateral movement of soil by pile pinning. These
effects can be significant and should be considered in
ng lateral soil movements. The study also showed
the benefit from alowing inelastic behavior in founda
tions under the action of lateral ground movement. For
many cases, relatively large ground displacements can
be accommodated by the bridge without collapse.

There have been considerable advances in the state of the
art in assessing impacts of liquefaction since the current
AASHTO seismic design provisions were initially devel-
oped. Many of these advanced methods have been included
in the proposed LRFD provisions and were used in the two
case studies. They are relatively easy to use and permit a
much better understanding of the effects of liquefaction and
lateral spreading. Among the benefits of applying these
methods are

+ Improved ability to estimate the di splacements that may
occur as aresult of lateral spreading.

» The ability to incorporate the beneficial effects of pile
pinning and ground improvement methods in resisting
lateral flow movements.

* The ability to perform nonlinear stress analysis time-
history studies to better understand the sequence of
events that occur during liquefaction and changes in
ground motions that occur as aresult.

There are, however, significant implications in implementing
the proposed LRFD 3 percent PE in 75-year earthquake asthe
upper-level design event. Among these arethefact that alarger
number of areas in the United States will require detailed
seismic design and aliquefaction assessment. In general, lig-
uefaction should be considered for bridges classified as Seis-
mic Design Requirement (SDR) 3 or greater when a site has
amean earthquake magnitude contributing to the seismic haz-
ard greater than 6.4. If the mean magnitude is less than 6.0,
then liquefaction does not need to be considered. Between
mean magnitudes of 6.0 and 6.4, liquefaction may or may not
need to be considered, depending on the combinations of soil
type and acceleration levels. Although liquefaction must be
assessed in certain designs, the Missouri bridge example
demonstrated that a bridge may meet the recommended per-
formance requirements of the new provisions without a sig-
nificant expenditure of funds. However, due to the limited
number of bridges assessed in the study, it isdifficult to draw
wider implications from it.

It should be recognized that the approach recommended
herein for very large, infrequent earthquakes is a departure

from the traditional approach of preventing damage in the
foundation. For ground movements on the order of those
assessed in this study, either remediation will be necessary or
allowance of some inelastic action in the foundation will be
required. It is recognized that only two examples were con-
sidered in this study, and that, with time, refinement will be
possible as more structures are studied and designed. It isalso
recognized that the prediction of earthquake-induced ground
movement is approximate at best, and much remains to be
learned with respect to how one can make more accurate pre-
dictions. In seismic design, the greatest uncertainty liesin the
methods of predicting ground displacements; this can be seen
inthevariationsresulting from the simplified methods and the
more precise nonlinear analyses conducted in this study.
However, it is thought that the proposed approach is a
reasonable beginning for rationally designing for such
earthquake-induced hazards.

3.3 ASSESSMENT OF IMPACTS

The proposed LRFD specifications constitue a significant
advance over the existing AASHTO specifications for the
seismic design of bridges. They also represent amajor depar-
ture from the philosophy and design approach employed in
the existing specifications. Several key differences are the
use of the M CE ground motions for design, multi-level seis-
mic performance criteria, nonlinear displacement capacity
checks, and, most importantly, the incorporation of a more
comprehensive design specification and companion commen-
tary. Thislast item is significant because, at first glance, the
new provisions appear to be more complex than those cur-
rently in use. However, the design process is similar to that
currently in use, and the appearance of ahigher level of com-
plexity in the provisionsistheresult of providing more guid-
ance to designers with the goal of producing greater consis-
tency in design than is currently being achieved.

The assessment of the impacts of the proposed LRFD
specifications on the seismic design of bridges is split into
two topics: the impact on engineering design effort, and the
impact on the resulting sizes and proportions of bridge com-
ponents (and related material sand construction cost impacts).

Over the course of the NCHRP Project 12-49, anumber of
activities were undertaken to assess these two types of
impact. Two fully detailed design exampleswere prepared to
illustrate the application of the provisions, and a parametric
study was conducted to assess the impact of the provisions
on the sizes and configurations of typical bridge substruc-
tures. The development of the design examples and the con-
duct of the parametric study both provided insight into the
engineering effort required by the proposed LRFD specifica
tions and on the differences the specifications will make on
overall bridge designs. Additionally, astudy of impactsfrom
liquefaction was conducted to aid the development of those
provisions, aproblem which hashistoricaly challenged bridge
designers.



Thetwo design examplesthat were prepared under NCHRP
Project 12-49 follow the format and approach used in the
seven design examples prepared under FHWA sponsorship
in 1997, which were based on the AASHTO Sandard Spec-
ifications Division I-A provisions. One bridge from that ear-
lier set of seven examples (Design Example 2 (FHWA, 1997))
was re-worked on the basis of the proposed LRFD specifica
tions. The re-worked version has been titled Design Exam-
ple 2L RFD to denoteitsrelationship to the previous Division
I-A example and its conformanceto the proposed L RFD spec-
ifications. The second bridge design example was devel oped
as part of the liquefaction study effort; it provided the basis
for part of that study and for Design Example 8, which was
so named to distinguish it from the previous seven FHWA
examples.

3.3.1 Design Engineering Effort Impacts
3.3.1.1 Format

The overal process inherent in applying the proposed
LRFD specificationsissimilar tothat of thecurrent AASHTO
specifications. For design, thetraditional force-based approach
has been retained, although nonlinear displacement-based
checkingisencouraged in order to assessthe ability of abridge
to adequately perform under the design earthquake. Thereten-
tion of the current approach should help designers apply the
proposed LRFD provisions with minimal training. Thisis
important because there are two major changes that designers
will be exposed to: first, that these provisions are intended to
be integrated into the AASHTO LRFD Bridge Design Soeci-
fications, whichitsdlf isrelatively new to many designers (par-
ticularly for substructure design); and second, that the pro-
posed seismic design specifications are substantialy different
in format and content than existing AASHTO provisions.
Therefore acomplete departure in design approach would not
be simple or inexpensive to implement for many agencies.

3.3.1.2 Ground Motions

The proposed L RFD specifications have adopted the design
spectra, soil site factors, and site classifications used by
NEHRP and many of the more recent building codes. This
providesoverall consistency between code agenciesand struc-
ture types and should provide a framework that can be used
and maintained in amore uniform manner. For example, many
bridge design agencies use geotechnical and structural con-
sultants who also are involved with building-related design
work. Consistency between the building, port and harbor,
industrial, and bridge design communities should lead to more
uniform and simpler site seismic response characterizations,
and lessambiguity ininterpretation of likely ground motions.
Furthermore, with appropriate levels of bridge community
input and oversight, the national mapping effort conducted
and regularly updated by the USGSwill better addressbridge

39

design-community needs, possibly aleviating local bridge-
owning agencies from having to develop their own seismic
hazard maps.

3.3.1.3 Hazard Categories

The current AASHTO design provisions primarily delin-
eate the seismic hazard through the use of a firm soil/rock
acceleration coefficient and only minimally recognize the
effects of the soil on overall site and bridge response. Con-
sequently, AASHTO’s current Seismic Performance Cate-
gories (SPCs), which essentially control the design process
and are based on a peak acceleration coefficient, can be
mapped throughout the country based only on that coeffi-
cient. Thisimpliesthat the SPCs are effectively constant for
all bridgesin agiven region. By contrast, the approach incor-
porated into the NEHRP provisions and also employed in the
proposed L RFD specifications consider soil effectsin estab-
lishing seismic design requirements. Therefore, agiven region
may have multiple seismic hazard levels depending on the
soil types present. To this end, a state or other transportation
agency that essentially did not have to consider the higher
seismic design requirements of the current AASHTO provi-
sions may find that more rigorous requirements apply for
some sites with softer soils in the proposed provisions. This
changein seismic design proceduresisrational and defensible,
given the observed seismic performance of structures on soft
sites in recent years. The result of thisisthat some bridge
designs in some locations may require significantly more
attention to sei smic performance than previously considered.

3.3.1.4 “No Seismic Demand Analysis’
Provisions

The proposed LRFD specifications provide what should
amount to considerable relief in design effort in regions of
the country with low to moderate seismic demand over that
required by the current AASHTO design provisions. Inthe cur-
rent AASHTO provisions, the classification by SPC required
either minimal detailing (e.g., minimum seat widths or con-
nection forces), or afull seismic analysisand design. In the
proposed LRFD specifications, an intermediate category has
been added that is based on satisfying capacity design prin-
ciples to ensure a proper hierarchy of structural strength,
but does not require aformal seismic demand analysis. This
should make the design of bridges that qualify for this cate-
gory simpler, whileturning thefocus of the design effort from
that of pure analysisto one of providing asatisfactory seismic
resisting system with minimal design effort.

3.3.1.5 Capacity Spectrum Procedure

Another new design procedure has been added for struc-
turesthat qualify as“very regular” in geometric configuration.
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The procedureis called the capacity spectrum method, and it
recognizes the single-degree-of-freedom behavior inherent
in such regular structures. This method greatly simplifiesthe
analysisprocess, and directly incorporatesthe effects of inelas-
tic action in the demand side of the analysis. The method also
is that used for seismic isolation design, which has been
included in the proposed LRFD specifications. Thus, thereis
now aconsistent basis for design among conventional struc-
tures and those that employ base isolation.

3.3.1.6 Displacement Capacity Verification
(Pushover Analysis)

The proposed LRFD specifications provide procedures for
conducting a displacement capacity verification, more com-
monly referred to as* pushover analysis.” This procedure pro-
vides direct checks of a structure’s ability to accommodate
expected seismic displacements. It also allowsalimited reduc-
tion of the effectivelateral design force, if it can be shown that
thestructure still has adequate displacement capacity. Thisfea-
ture can potentialy provide reduced structure costs, although
the design engineering effort will typically be increased in
order to verify displacement capacity.

Currently, few guidelines exist for conducting a pushover
analysis. Thus, design criteria and procedures are established
by an agency for amost every project. For instance, Caltrans
almost exclusively uses pushover analysisprocedures, and they
have developed specific criteria consistent with their design
approach (Caltrans, 1999). The proposed L RFD specifications
provide aformal methodology for performing pushover analy-
sesthat are consistent with therest of the provisions. They also
incorporate many of the criteria and approaches that Caltrans
uses. As a result, the proposed LRFD specifications should
provide savings in engineering effort in cases where dis-
placement verification is to be employed, because the criteria
and approach have been standardized and arereadily available.

Additionally, pushover analyses are often analytically
intensive. Codification of the approach should encourage
software devel opersto include standardi zed procedureswithin
their software products, which could result in additional econ-
omy in engineering effort. For example, severa of the most
widely used structural analysis programs have added push-
over modulesto their software packages, and otherswill likely
do the same if the proposed LRFD specifications are adopted
by AASHTO (as either a guide specification or within the
AASHTO LRFD specifications). Thishasoccurred withinthe
building analysisand design community where FEMA guide-
lines outline design procedures and acceptance criteria, and
these have been incorporated into recent software rel eases.

3.3.1.7 Two-Level Earthquake Design
and Performance Criteria

The proposed LRFD specifications include requirements
to design for two levelsof earthquakeswith two levelsof min-

imum performance based on these design ground motions.
For the upper-level MCE event, the bridge will likely sustain
significant damage in components that are designated to
yield. For the frequent (expected) earthquake, the structure
should remain essentially elastic and undamaged. Typically,
one of these two conditionswill control the design (although
in some cases non-seismic load combinations may actually
control); therefore, once designers are familiar with the new
provisions, they should be able to quickly identify the con-
trolling case and will spend most of their effort satisfying the
structural requirements for this event while simply checking
the adequacy of the other. The controlling event will depend
on the relative magnitudes of the design ground motion and
on the chosen | ateral-force resisting system, which ultimately
governshow muchinelastic action ispermitted. For instance,
it is expected that the frequent event will rarely, if ever, con-
trol in the eastern United States, but may in some cases con-
trol in the western United States. Therefore, the fact that two
design earthquakes are used does not necessarily mean that
the design timewill be doubled; a most, only adlight increase
in design time is anticipated.

3.3.1.8 Geotechnical Engineering and Guidance

Thereisasignificant amount of geotechnical guidance pro-
vided in the proposed LRFD specifications and commentary
(very limited guidance is provided in the current AASHTO
provisions). Thisinformation is based on and integratesa sig-
nificant body of state-of-the-art dataand methodol ogies. Many
geotechnical engineers are currently applying some of this
material in piecemeal ways, as the material is not integrated
into asingle, easily accessible document. The proposed LRFD
specifications will provide consistent information that can be
used in a uniform manner throughout the United States.

3.3.1.9 Load Combinations

As a“service” level earthquake is included in the design
process and since the LRFD load combination methodol ogy
includesthe possibility of extreme eventsin combination with
other service loads, the proposed load combinations for seis-
mic design have been kept as simple as possible. Thiswas an
explicit attempt to avoid undue design effort for loads that are
imprecisely known. Additionally, superstructure forces must
be assessed for seismicloading but, again, simplified load com-
binations were provided to avoid unnecessary effort. There-
fore, theload combinationsin the proposed LRFD specifica-
tionsare not expected to significantly add to the design effort.

3.3.1.10 Response Modification
Factors (R-Factors)

The use of R-Factors to reduce elagtically derived seismic
forces has been retained for severa of the design methods



allowed by the proposed LRFD specifications. Overal, the
factors used for design in the M CE event are higher than those
allowed by current AASHTO provisions. However, recent
research demonstratesthat the use of R-Factorsthat are higher
for multi-column structures versus those for single-column
structures, as used in the current AASHTO provisions, may
not be correct. Thus, the proposed L RFD specifications spec-
ify the same R-Factor for both single- and multi-column
structures. Specifically, in the proposed LRFD provisions,
R is set equal to 4 for amodal analysis and equal to 6 if a
displacement verification check is performed. By contrast,
current AASHTO provisions allow an R equal to 3 for
single-column bridge bents and equal to 5 for multi-column
bents. The design effort will not be impacted by these
changes in R-Factors.

3.3.1.11 Level of Detail in the Proposed
LRFD Specifications

Throughout the proposed LRFD specifications, more
definitive guidance is provided than in current or previous
AASHTO seismic design specifications. Alternate approaches
areprovided for caseswhereideal seismic design approaches
cannot be met, providing the designer with a significant
amount of flexibility. An example of thisiswhen it becomes
difficult or costly to keep all column plastic hinging above
ground.

In order to accommodate the increased level of flexibility,
the proposed LRFD specifications are more voluminous
than existing specifications. However, this should allow a
designer more options and guidance, and should save time
that would have been spent trying to develop or customize
an approach for cases not covered explicitly by the provi-
sions. Significant time is often expended on a small portion
of adesign project, as limited or no guidanceis provided in
the governing design provisions. The need to develop cus-
tom criteria or approaches should be reduced through use of
the proposed LRFD specifications.

3.3.2 Structural Configuration,
and Material and Construction Cost Impacts

This section discusses the impacts to structural configu-
rations resulting from use of the proposed LRFD specifica
tions. Theseimpactsare discussed in terms of theresults of the
parameter study, liquefaction case study, and design examples
prepared under NCHRP Project 12-49.

3.3.2.1 Impacts Based on the Parameter Study

The parameter study considered both single- and multiple-
column bents founded on spread footings, with fivelocations
throughout the United States assessed for their regional seis-
mic hazard. Varying height, diameter, and end restraint con-
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ditionswere considered in the study, aswere varying restraint
conditionsimposed by the soil at the abutments. In general,
the comparisons of size, longitudina steel content, and costs
showed that the current AASHTO provisions and the proposed
LRFD specifications resulted in designs that were remarkably
similar. In some cases, one specification produced designs
requiring more concrete or steel, but in other cases, the other
specification controlled. It is important to remember, how-
ever, that the current AASHTO specifications are based on a
ground motion with a 10 percent PE in 50 years (equivalent
to a 500-year return period earthquake) while the proposed
LRFD specifications are based on design ground motions
with a 3 percent PE in 75 years (the MCE event, which is
equivalent to a 2,500-year return period earthquake).

Although the design ground motions for the MCE case
have been effectively increased in the proposed LRFD spec-
ifications in terms of return period, there are counteracting
actions that result in relatively similar design configurations
when compared to designs produced by the current AASHTO
specifications. These include the fact that mapped accelera-
tion values have actually decreased in large areas of the coun-
try at the same equivaent return period; response modifica-
tion factors (R-Factors) arelarger for many substructure types
and configurations; the use of effective (cracked) section prop-
erties have been included in the proposed provisions; ¢ factors
have been increased; minimum longitudinal steel ratios have
been reduced; and overstrength factors have been significantly
revised.

Thus, for the casesinvestigated, the range in material and
construction cost difference are generally estimated to beless
than about 10 percent for the proposed LRFD MCE design
case. In some cases, design and analysis options, such asthose
accounting for the passive resistance of the soil behind the
abutment, had a larger impact on the final design than using
the MCE earthquake.

3.3.2.2 Impacts Based on the Liquefaction Sudy

The parameter study illustrated that the controlling ele-
ments of a bridge design produced using the proposed LRFD
specifications may not be al that different than the elements
controlling designs produced by the current AASHTO speci-
fications. The liquefaction study, which had among its goals
the devel opment of rational methodsfor ng and design-
ing to mitigate liquefaction impacts, demonstrated that many
of the effects of liquefaction could likely be handled rather
economically by applying the higher-order design approaches
recommended in the proposed LRFD provisions. This re-
quires, however, ashift in design approach from that of main-
taining asimple factor of safety against the occurrence of lig-
uefaction during the design earthquake, to one of rationally
accommodating the ground softening and displacements that
accompany liquefaction. In order to do so, the designer must
account for a bridge foundation’s beneficial impact on re-
straining liquefaction-induced ground movement and include
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allowances for inglastic action in the foundation. Allowing
inelastic action in the foundation provides the greatest dis-
placement capacity and the most resistance for limiting lique-
faction effects. The proposed specifications also recognized
that few recent bridge failures can be directly attributed to lig-
uefaction; therefore, allowing significant inelastic action
within the foundation as ameans of withstanding liquefaction
effectsis deemed rationa and cost-effective.

Overdl, itisexpected that theimpact onin-place desgn and con-
gruction costs should be minimd; however, in some cases, ground
improvement techniques such as the use of stone columns
may be required.

The liquefaction study compared the assessment of lique-
faction-induced effects by simple semi-empirical methods
with those of more advanced and computationally intensive
methods. The simpler methods yielded reasonable results
and are therefore considered viable for use in design to resist
liquefaction effects.

For the cases that were investigated in the study, the
overall cost impacts on bridge designs, when compared
similar current AASHTO designs, were generally lessthan
10 percent of the total estimated bridge cost; in some cases,
theoverall costswerelessthan 5 percent different. The ben-
efit to calculated bridge performance, however, was sub-
stantial, resulting in little or no damageto foundations, even
at the MCE earthquake event (3 percent PE in 75 years).

3.3.2.3 Impacts Based on the Design Examples

The two design examples produced under NCHRP 12-49
show the application of the proposed LRFD specificationsfor
designing new bridges. One of the design examplesis a stedl
plate girder bridge founded on wall piersin arelatively low
seismic hazard region of the country. This example also pro-
videsan analysis of the same bridge when supported on multi-
column bents. The second bridge design example is a con-
crete box girder structure on multi-column piers with pilesin
liquefiable soils, located in a region of relatively high seis-
micity. Both bridges had been previously designed using the
current AASHTO specifications, making adirect comparison
of impacts between the two specifications relatively easy.

The first example, designated Design Example 2LRFD, is
the steel plate girder structurein the low seismic hazard zone.
Because the location of the origina bridge design example
conducted using the AASHTO Division |-A provisionswas so
closetothe seismic hazard level boundariesinthe 1996 USGS
maps, two seismic analysis and design procedures (SDAP), as
specified in the proposed LRFD provisions, were used (SDAP
A2 and SDAP C). These help illustrate differences between
the various SDAP requirementsin the proposed provisions.
Furthermore, as noted above, Design Example 2L RFD was
prepared assuming two different types of substructures:
(1) wall piers with elastomeric bearings and spread founda-
tions and (2) multi-column bents with conventional bearings
and spread footings. By preparing the design example in this

fashion, one could contrast the requirements and results of
different substructure systems. This is important for the
proposed LRFD specifications because elastomeric bearings
are subject to selsmic design requirements that involve many
of the principles of seismic isolation design.

Theoriginal Design Example 2 (based on current AASHTO
Division I-A provisions) had been prepared using the multi-
modal analysis method, which considered the stiffness of the
elastomeric bearings in the analytical model. This is some-
what more complex than that required for either SDAP A2 or
SDAP C of the proposed LRFD specifications. In fact, the
engineering effort required by the proposed LRFD specifi-
cations for this bridge example is much simpler than that
required by current AASHTO seismic design specifications.
Therequirementsfor SDAP A2 aresimilar to those of the cur-
rent AASHTO Division I-A’s seismic performance category
(SPC) A, in that only seat width considerations and bearing
connection force design are explicitly required. The proposed
LRFD SDAP C provisions require demand analysis using
only single-degree-of-freedom (SDOF) principlesfor regular
bridges. This procedure grestly simplifies the demand analy-
Sis, especially with respect to multi-modal analysis. To this
end, the design effort for thistype of regular bridgein seismic
zones with relatively low seismic hazard is substantially eas-
ier and less time consuming than that required by even the
SPC B provisions of AASHTO Division |-A. Therefore, the
engineering effort required by the proposed LRFD specifica
tions is expected to be less than that required by the current
AASHTO provisions for many bridges in low-to-moderate
seismic hazard areas within the United States.

The proposed LRFD specifications also account for the
beneficial aspects of elastomeric bearingswhen used between
the superstructure and substructure. Effectively, elastomeric
bearings behave as isolators, resulting in a reduction of the
forcesthat are transmitted to the superstructure from ground
shaking. It is therefore rational to take advantage of seismic
isolation criteria when designing these elements.

Theresulting size of substructures and magnitude of design
forces are less for the proposed LRFD specifications than
those obtained from the Division I-A design, despite the use
of thelarger MCE design event inthe LRFD provisions. This
ispartially aresult of decreases in acceleration valuesin the
proposed LRFD specificationsat similar levels of seismic haz-
ard in northeastern regions of the country. Pier wall sizeswere
controlled by minimum longitudinal steel requirements for
both designs; these minimums have not changed from current
AASHTO design requirements. Bearing sizes could have been
reduced, but this would have required design refinements that
were not incorporated into the design example.

The second design example, designated as Design Exam-
ple 8, wasthe same bridge asthat used in the liquefaction case
study conducted on the Washington State bridge. Design
Example 8, however, illustrates the application of the provi-
sions for the nonliquefied condition of the soils around the
bridge foundation.



The design effort required for Design Example 8 was not
significantly more involved than that required by the current
AASHTO provisions. For both methods, significant effort is
required to devel op foundation propertiesthat reflect or bound
expected behavior. For thisdesign example, the displacement
verification check (i.e., the pushover analysis) was included,
and the application of the method was relatively simple and
straightforward due to the restraint provided by the pile caps.
Commercially available software was used to execute the
pushover analysis and, while additional effort was required
beyond a basic modal analysis, the additional effort was not
considered significant (i.e., on the order of 10 percent to
15 percent of the overall design effort).
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For this structure, the same column sizes were used for
both the current AASHTO Division I-A design and the pro-
posed LRFD design. The column longitudinal steel require-
mentswere higher for the proposed L RFD specificationsthan
for the Division |-A case, so steel costswould be higher. Col-
umn heights varied from bent to bent, and several of the
shorter bents also required more shear steel, due primarily to
the antibuckling requirements that were added in the pro-
posed L RFD specifications. These provisions have been cal-
ibrated to provide constructible volumes of steel, however;
thus, even though morelongitudinal and transverse steel may
be required, overall material costs should not be that differ-
ent than current AASHTO designs require.




CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS FOR IMPLEMENTATION

4.1 CONCLUSIONS

NCHRP Project 12-49 hasresulted in the devel opment of an
advanced set of specifications for the seismic design of high-
way bridges, compatible with the current AASHTO LRFD
Bridge Design Specifications (AASHTO, 1998). These pro-
posed specifications should provide more uniformity and a
more rational design basis for bridge seismic designs con-
ducted throughout the United States.

The proposed L RFD seismic design specifications are based
on the most current scientific and engineering knowledge
regarding seismic hazard representation, foundation and soil
behavior, design and analysis methods, materia performance,
and component and system detailing. They also providealevel
of uniformity with the philosophies and design approaches
contained in the codes and standards that have been imple-
mented for the seismic design and detailing of other structure
types, including buildings, ports and harbors, and pipeline
systems.

The approaches and provisions contained in the proposed
L RFD specificationsare, in some cases, quite different than the
approaches and provisions contained in the current AASHTO
specifications. In some cases, this new material may be more
liberal than existing provisions; in other cases, more restric-
tive. Overadll, it is believed that the proposed LRFD specifi-
cationswill result in bridge designs that are similar in cost to
those prepared with the current AASHTO provisions. There
will be caseswhere designs constructed with the proposed pro-
visions cost more than existing provisions cost, but this is
directly related to the advances made in seismic hazard knowl-
edgein someregions of the country along with advancesin the
knowledge of site response on ground motion, and the fact
that the seismic design input is significantly larger than the
current AASHTO specificationsrecognize. However, inthese
cases, the proposed LRFD specificationswill help ensure that
bridges constructed in these locations perform adequately
under the high levels of ground shaking that have been actu-
ally experienced in past earthquakes, and are likely to occur
again in the future.

However, to actually implement the proposed L RFD spec-
ifications, there will be a need for training by bridge design-
ers so that they can become fully conversant in and proficient
with the new provisions. After thisinitial learning curve, itis
expected that the differencesin design engineering effort will

be minimal when compared with the effort currently required
for seismic design.

The proposed L RFD specifications provide agreat deal of
overall guidance that is not included in current AASHTO
specifications. One benefit of directly providing such guid-
ancein the specificationsisreduced design time, which could
result in engineering cost savings in cases where the design
engineer was previously |eft to develop project-specific cri-
teria and methodologies.

4.2 RECOMMENDATIONS
FOR IMPLEMENTATION

Itisbelieved that the proposed L RFD seismic design spec-
ifications are as advanced and compl ete as can be devel oped
at this time. However, as with any new and comprehensive
set of engineering procedures or specifications, there is
likely the need for a“shakedown” period during which the
proposed specifications aretested and used in aseriesof trial
designs. A trial design program conducted prior to adoption
of the proposed specifications will help identify areasin the
specifications for which provisions or guidance is either
unclear or, in extreme cases, inadequate, and therefore allow
for an opportunity to improve the specifications before they
become mandatory.

It istherefore suggested that the proposed specificationsbe
considered for adoption by AASHTO as a Guide Specifica-
tionintheinterim, during thistesting and shakedown period.
Toassigtinthis, the ATC/MCEER Joint Venture with funding
provided by the Federal Highway Administration (FHWA)
has prepared a“ stand-alone” version of the proposed LRFD
provisions, similar in structure to the stand-alone seismic
design specifications contained in the AASHTO Standard
Secifications Division I-A provisions. In addition, MCEER
(again with FHWA funding), may initiate a “trial design”
process involving anumber of AASHTO statesin the fall of
2001 and spring of 2002, in order to providetheinitial shake-
down required to gain confidencein the proposed provisions.

In order to adequately implement the Guide Specification
and ultimate LRFD provisions, therewill be aneed to develop
and offer a comprehensive training course on the use of the
new provisions. It is recommended that the FHWA pursue
this need. In addition, the two design examples produced



under NCHRP Project 12-49 can assist designers in under-
standing aspects of the new provisions. These, supplemented
by thetrial designs produced by state transportation agencies
under the MCEER-sponsored shake-down process, should
be augmented with additional design examplesexercising all
key provisions of the specificationsin various seismic haz-
ard regions with a range of soil conditions, and for awide
variety of structural types (materials and system load path
configurations).

There is one concern that must be raised regarding the
potential adoption of the proposed LRFD provisions into
the current AASHTO LRFD Bridge Design Specifications.
The scope of work for NCHRP Project 12-49 was limited to
highway bridges and components directly attached to high-
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way bridges (e.g., abutments and wing walls). However, the
work on the project did not look at the impact that the new
provisionswill have on free-standing retaining structuresand
walls, buried structures, or components attached to the bridge
likelight standards and railings. Each of these structuretypes
and provisions for their design contained in the AASHTO
LRFD specifications will need to be assessed before the MCE
provisions can be adopted uniformly by AASHTO. Thisis
another reason why it is encouraged that the proposed LRFD
provisions be adopted as a Guide Specification—the Guide
Soecification would allow the use of the advanced seismic
design approaches and methodol ogies for highway bridges,
but would not affect the mandatory design requirement for
these other structuresin the short term.
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