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private interests, it was believed that issues related to the seismic safety of the built environment could be resolved and
jurisdictional problems overcome through authoritative guidance and assistance backed by a broad consensus.
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Its fundamental purpose is to enhance public safety by providing a national forum that fosters improved seismic safety
provisions for use by the building community in the planning, design, construction, regulation, and utilization of
buildings.

To fulfill its purpose, the BSSC: (1) promotes the development of seismic safety provisions suitable for use throughout
the United States; (2) recommends, encourages, and promotes the adoption of appropriate seismic safety provisions in
voluntary standards and model codes; (3) assesses progress in the implementation of such provisions by federal, state,
and local regulatory and construction agencies; (4) identifies opportunities for improving seismic safety regulations
and practices and encourages public and private organizations to effect such improvements; (5) promotes the
development of training and educational courses and materials for use by design professionals, builders, building
regulatory officials, elected officials, industry representatives, other members of the building community, and the
general public; (6) advises government bodies on their programs of research, development, and implementation; and
(7) periodically reviews and evaluates research findings, practices, and experience and makes recommendations for
incorporation into seismic design practices.
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Federal Emergency Management Agency and the National Institute of Building Sciences.
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necessarily reflect the views of the Applied Technology Council (ATC), the Building Seismic
Safety Council (BSSC), or the Federal Emergency Management Agency (FEMA). Additionally,
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nor assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
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publication assume all liability arising from such use.

For further information concerning this document or the activities of the BSSC, contact the
Executive Director, Building Seismic Safety Council, 1090 Vermont Ave., N.W., Suite 700,
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Foreword

The volume you are now holding in your hands, the  Council (BSSC), overall manager of the project; the
NEHRP Guidelines for the Seismic Rehabilitation of ~ Applied Technology Council (ATC); and the American
Buildings and its companio@ommentarywolume, are  Society of Civil Engineers (ASCE). Hundreds more

the culminating manifestation of over 13 years of effort. donated their knowledge and time to the project by
They contain systematic guidance enabling design reviewing draft documents at various stages of
professionals to formulate effective and reliable development and providing comments, criticisms, and
rehabilitation approaches that will limit the expected  suggestions for improvements. Additional refinements
earthquake damage to a specified range for a specifiedand improvements resulted from the consensus review

level of ground shaking. This kind of guidance of theGuidelinesdocument and its companion
applicable to all types of existing buildings and in all Commentarghrough the balloting process of the BSSC
parts of the country has never existed before. during the last year of the effort.

Since 1984, when the Federal Emergency ManagemeniNo one who worked on this project in any capacity,
Agency (FEMA) first began a program to address the whether volunteer, paid consultant or staff, received
risk posed by seismically unsafe existing buildings, the monetary compensation commensurate with his or her
creation of thes&uidelineshas been the principal efforts. The dedication of all was truly outstanding. It
target of FEMA's efforts. Prior preparatory steps, seemed that everyone involved recognized the
however, were much needed, as was noted in the 1985magnitude of the step forward that was being taken in
Action Plandeveloped at FEMA's request by the ABE the progress toward greater seismic safety of our
Joint Venture. These included the development ofa  communities, and gave his or her utmost. FEMA and
standard methodology for identifying at-risk buildings the FEMA Project Officer personally warmly and

quickly or in depth, a compendium of effective sincerely thank everyone who participated in this
rehabilitation techniques, and an identification of endeavor. Simple thanks from FEMA in a Foreword,
societal implications of rehabilitation. however, can never reward these individuals

adequately. The fervent hope is that, perhaps, having
By 1990, this technical platform had been essentially theGuidelinesused extensively now and improved by
completed, and work could begin on th€sédelines future generations will be the reward that they so justly
The $8 million, seven-year project required the varied and richly deserve.
talents of over 100 engineers, researchers and writers,
smoothly orchestrated by the Building Seismic Safety The Federal Emergency Management Agency
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Preface

In August 1991, the National Institute of Building project tasks is shared by the BSSC with ASCE and
Sciences (NIBS) entered into a cooperative agreementATC. Specific BSSC tasks were completed under the
with the Federal Emergency Management Agency guidance of a BSSC Project Committee. To ensure
(FEMA) for a comprehensive seven-year program project continuity and direction, a Project Oversight
leading to the development of a set of nationally Committee (POC) was responsible to the BSSC Board
applicable guidelines for the seismic rehabilitation of  of Direction for accomplishment of the project

existing buildings. Under this agreement, the Building objectives and the conduct of project tasks. Further, a
Seismic Safety Council (BSSC) served as program Seismic Rehabilitation Advisory Panel reviewed project
manager with the American Society of Civil Engineers products as they developed and advised the POC on the
(ASCE) and the Applied Technology Council (ATC) approach being taken, problems arising or anticipated,
working as subcontractors. Initially, FEMA provided  and progress made.

funding for a program definition activity designed to

generate the detailed work plan for the overall program.Three user workshops were held during the course of

The work plan was completed in April 1992 and in the project to expose the project and various drafts of
September FEMA contracted with NIBS for the the Guidelinesdocuments to review by potential users
remainder of the effort. of the ultimate product. The two earlier workshops

provided for review of the overall project structure and
The major objectives of the project were to develop a for detailed review of the 50-percent-complete draft.
set of technically sound, nationally applicable The last workshop was held in December 1995 when
guidelines (with commentary) for the seismic the Guidelinesdocuments were 75 percent complete.
rehabilitation of buildings; develop building community Participants in this workshop also had the opportunity
consensus regarding the guidelines; and develop the to attend a tutorial on application of the guidelines and
basis of a plan for stimulating widespread acceptance to comment on all project work done to date.
and application of the guidelines. The guidelines

documents produced as a result of this project are Following the third user workshop, written and oral
expected to serve as a primary resource on the seismiccomments on the 75-percent-complete draft of the
rehabilitation of buildings for the use of design documents received from the workshop participants and

professionals, educators, model code and standards other reviewers were addressed by the authors and
organizations, and state and local building regulatory incorporated into a pre-ballot draft of tBaiidelines
personnel. andCommentaryPOC members were sent a review
copy of the 100-percent-complete draft in August 1996
As noted above, the project work involved the ASCE and met to formulate a recommendation to the BSSC
and ATC as subcontractors as well as groups of Board of Direction concerning balloting of the
volunteer experts and paid consultants. It was structurediocuments. Essentially, the POC recommended that the
to ensure that the technical guidelines writing effort Board accept the documents for consensus balloting by
benefited from a broad section of considerations: the the BSSC member organization. The Board, having
results of completed and ongoing technical efforts and received this recommendation in late August, voted

research activities; societal issues; public policy unanimously to proceed with the balloting.
concerns; the recommendations presented in an earlier
FEMA-funded report on issues identification and The balloting of th&uidelinesandCommentary

resolution; cost data on application of rehabilitation occurred between October 15 and December 20, 1996,
procedures; reactions of potential users; and consensuand a ballot symposium for the voting representatives of
review by a broad spectrum of building community BSSC member organizations was held in November
interests. A special effort also was made to use the  during the ballot period. Member organization voting
results of the latest relevant research. representatives were asked to vote on each major
subsection of th&uidelinesdocument and on each
While overall management has been the responsibility chapter of th&€ommentaryAs required by BSSC
of the BSSC, responsibility for conduct of the specific procedures, the ballot provided for four responses:

FEMA 273 Seismic Rehabilitation Guidelines iX



“yes,” “yes with reservations,” “no,” and “abstain.” All
“yes with reservations” and “no” votes were to be

development of seismic rehabilitation designs for at
least 40 federal buildings selected from an inventory of

accompanied by an explanation of the reasons for the buildings determined to be seismically deficient under

vote and the “no” votes were to be accompanied by

the implementation program of Executive Order 12941

specific suggestions for change if those changes wouldand determined to be considered “typical of existing

change the negative vote to an affirmative.

structures located throughout the nation.” The case

studies project is structured to:

Although all sections of th&uidelinesand

Commentarylocuments were approved in the balloting, *

the comments and explanations received with “yes with
reservations” and “no” votes were compiled by the
BSSC for delivery to ATC for review and resolution.
The ATC Senior Technical Committee reviewed these
comments in detail and commissioned members of the
technical teams to develop detailed responses and to
formulate any needed proposals for change reflecting
the comments. This effort resulted in 48 proposals for
change to be submitted to the BSSC member
organizations for a second ballot. In April 1997, the
ATC presented its recommendations to the Project
Oversight Committee, which approved them for

forwarding to the BSSC Board. The BSSC Board .

subsequently gave tentative approval to the reballoting

pending a mail vote on the entire second ballot package.

This was done and the reballoting was officially

approved by the Board. The second ballot package was

mailed to BSSC member organizations on June 10 with
completed ballots due by July 28.

All the second ballot proposals passed the ballot;
however, as with the first ballot results, comments
submitted with ballots were compiled by the BSSC for
review by the ATC Senior Technical Committee. This
effort resulted in a number of editorial changes and six

additional technical changes being proposed by the

ATC. On September 3, the ATC presented its
recommendations for change to the Project Oversight
Committee that, after considerable discussion, deemed
the proposed changes to be either editorial or of
insufficient substance to warrant another ballot.

Meeting on September 4, the BSSC Board received the

recommendations of the POC, accepted them, and
approved preparation of the final documents for
transmittal to the Federal Emergency Management
Agency. This was done on September 30, 1997.

It should be noted by those using this document that
recommendations resulting from the concept work of
the BSSC Project Committee have resulted in initiation
of a case studies project that will involve the

Test the usability of thlEHRP Guidelines for the
Seismic Rehabilitation of Buildings authentic
applications in order to determine the extent to
which practicing design engineers and architects
find theGuidelinesdocuments themselves and the
structural analysis procedures and acceptance
criteria included to be presented in understandable
language and in a clear, logical fashion that permits
valid engineering determinations to be made, and to
evaluate the ease of transition from current
engineering practices to the new concepts presented
in theGuidelines

Assess the technical adequacy of@adelines

design and analysis procedures. Determine if
application of the procedures results (in the
judgment of the designer) in rational designs of
building components for corrective rehabilitation
measures. Assess whether these designs adequately
meet the selected performance levels when
compared to existing procedures and in light of the
knowledge and experience of the designer. Evaluate
whether theGuidelinesmethods provide a better
fundamental understanding of expected seismic
performance than do existing procedures.

Assess whether th@uidelinesacceptance criteria

are properly calibrated to result in component
designs that provide permissible values of such key
factors as drift, component strength demand, and
inelastic deformation at selected performance levels.

Develop empirical data on the costs of rehabilitation
design and construction to meet teidelines

“basic safety objective” as well as the higher
performance levels included. Assess whether the
anticipated higher costs of advanced engineering
analysis result in worthwhile savings compared to
the cost of constructing more conservative design
solutions necessary with a less systematic
engineering effort.

X Seismic Rehabilitation Guidelines
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» Compare the acceptance criteria of Gwgdelines Commentarygan be obtained by phone from the FEMA
with the prevailing seismic design requirements for Distribution Facility at 1-800-480-2520.
new buildings in the building location to determine
whether requirements for achieving fBaidelines The BSSC Board of Direction gratefully acknowledges
“basic safety objective” are equivalent to or more or the contribution of all the ATC and ASCE participants
less stringent than those expected of new buildings. in theGuidelinesdevelopment project as well as those
of the BSSC Seismic Rehabilitation Advisory Panel, the
Feedback from those using tBeidelinesoutside this BSSC Project Committee, and the User Workshop
case studies project is strongly encouraged. Further, participants. The Board also wishes to thank Ugo
the curriculum for a series of education/training Morelli, FEMA Project Officer, and Diana Todd,
seminars on th&uidelinesis being developed and a FEMA Technical Advisor, for their valuable input and
number of seminars are scheduled for conduct in early support.
1998. Those who wish to provide feedback or with a
desire for information concerning the seminars should Eugene Zeller
direct their correspondence to: BSSC, 1090 Vermont Chairman, BSSC Board of Direction
Avenue, N.W., Suite 700, Washington, D.C. 20005;
phone 202-289-7800; fax 202-289-1092; e-mail
bssc@nibs.org. Copies of tkaiidelinesand
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1 Introduction

1.1 Purpose This document is neither a code nor a standard. It is

. . _ _ intended to be suitable both for voluntary use by owners
The primary purpose of this document is to provide  and design professionals as well as for adaptation and
technically sound and nationally acceptable guidelines adoption into model codes and standards. Conversion of

for the seismic rehabilitation of buildings. The material from theSuidelinesinto a code or standard
Guidelines for the Seismic Rehabilitation of Buildings  will require, as a minimum, a) careful study as to the
are intended to serve as a ready tool for design applicability of acceptance criteria to the specific
professionals, a reference document for building situation and building type, b) reformatting into code
regulatory officials, and a foundation for the future language, c) the addition of rules of applicability or
development and implementation of building code “triggering” policies, and d) modification or addition of
provisions and standards. requirements relating to specific building department

_ ) o operations within a given jurisdiction.
This document consists of two volumes. Twadelines
volume details requirements and procedures, which thesee Section 1.3 for important descriptions of the scope
Commentarywolume explains. A companion volume and limitations of this document.
titted Example Applicationsontains information on

typical deficiencies, rehabilitation costs, and other o
useful explanatory information. 1.2 Significant New Features

This document contains several new features that depart
significantly from previous seismic design procedures
used to design new buildings.

This document is intended for a primary user group of
architects, engineers, and building officials, specifically
those in the technical community responsible for
developing and using building codes and standards, an S
for carrying out the design and analysis of buildings. (1'2'1 Se|sm_|(_: P‘?rform‘.inc‘? Levels and
Parts of the document will also be useful and Rehabilitation Objectives
informative to such secondary audiences beyond the Methods and design criteria to achieve several different
technical community as building owners, government  |evels and ranges of seismic performance are defined.
agencies, and policy makers. The four Building Performance Levels are Collapse
Prevention, Life Safety, Immediate Occupancy, and
The engineering expertise of a design professional is aOperational. (The Operational Level is defined, but

prerequisite to the appropriate use of @Gedelines specification of complete design criteria is not included
and most of the provisions of the following chapters  in theGuidelines See Chapter 2.) These levels are
presume the expertise of a professional engineer discrete points on a continuous scale describing the
experienced in building design, as indicated in specific puilding’s expected performance, or alternatively, how
references to “the engineer” found extensively much damage, economic loss, and disruption may
throughout this document. occur.

An engineer can use this document to help a building Each Building Performance Level is made up of a
owner select seismic protection criteria when the Structural Performance Level that describes the limiting
owner’s risk reduction efforts are purely voluntary. The damage state of the structural systems and a
engineer can also use the document for the design andNonstructural Performance Level that describes the
analysis of seismic rehabilitation projects. However,  |imiting damage state of the nonstructural systems.
this document should not be considered to be a designThree Structural Performance Levels and four
manual, textbook, or handbook. Notwithstanding the  Nonstructural Performance Levels are used to form the
instructional examples and explanations found in the  four basic Building Performance Levels listed above.
CommentanandExample Applicationgolume, other
supplementary information and instructional resources |n addition, two ranges of structural performance are
may well be required to use this document defined to provide a designation for unique
appropriately. rehabilitations that may be intended for special
purposes and therefore will fall between the rather
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Chapter 1: Introduction

Building Performance Levels and Ranges

Performance Level the intended post-earthquake
condition of a building; a well-defined point on a scale
measuring how much loss is caused by earthquake
damage. In addition to casualties, loss may be in tern
of property and operational capability.

Performance Rangea range or band of performance,
rather than a discrete level.

Designations of Performance Levels and Ranges:
Performance is separated into descriptions of damag
of structural and nonstructural systems; structural
designations are S-1 through S-5 and nonstructural
designations are N-A through N-D.

Building Performance Level: The combination of a
Structural Performance Level and a Nonstructural
Performance Level to form a complete description of
an overall damage level.

Rehabilitation Objective: The combination of a
Performance Level or Range with Seismic Demand
Criteria.

higher performance
less loss

Operational Level

Backup utility services
maintain functions; very little
damage. (S1+NA)

Immediate Occupancy Level
The building receives a “green
tag” (safe to occupy) inspection
rating; any repairs are minor.
(S1+NB)

Life Safety Level

Structure remains stable and
has significant reserve
capacity; hazardous
nonstructural damage is
controlled. (S3+NC)

Collapse Prevention Level
The building remains standing,
but only barely; any other
damage or loss is acceptable.

NS

0]

well-defined structural levels. Other structural and

nonstructural categories are included to describe a wide

range of seismic rehabilitation intentions. In fact, one
of the goals of the performance level system employed
in this document is to enable description of all
performance objectives previously designated in codes
and standards and most objectives used in voluntary
rehabilitation efforts.

The three Structural Performance Levels and two
Structural Performance Ranges consist of:

* S-1: Immediate Occupancy Performance Level

» S-2: Damage Control Performance Range
(extends between Life Safety and Immediate
Occupancy Performance Levels)

o S-3: Life Safety Performance Level

* S-4: Limited Safety Performance Range

(extends between Life Safety and Collapse
Prevention Performance Levels)

S-5: Collapse Prevention Performance Level

In addition, there is the designation of S-6, Structural
Performance Not Considered, to cover the situation
where only nonstructural improvements are made.
The four Nonstructural Performance Levels are:

* N-A:Operational Performance Level

* N-B: Immediate Occupancy Performance Level

* N-C: Life Safety Performance Level

* N-D:Hazards Reduced Performance Level

In addition, there is the designation of N-E,
Nonstructural Performance Not Considered, to cover
the situation where only structural improvements are
made.

A description of “what the building will look like after

the earthquake” raises the questions: Which
earthquake? A small one or a large one? A minor-to-

moderate degree of ground shaking severity at the site
where the building is located, or severe ground motion?
Ground shaking criteria must be selected, along with a
desired Performance Level or Range, for@Guedelines

(S5+NE)

lower performance
more loss
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Chapter 1: Introduction

to be applied; this can be done either by reference to seeking Limited Objectives. Partial rehabilitation
standardized regional or national ground shaking hazardneasures, which target high-risk building deficiencies

maps, or by site-specific studies. such as parapets and other exterior falling hazards, are
included as Simplified Rehabilitation techniques.
Once a desired Building Performance Level for a Although limited in scope, Simplified Rehabilitation

particular ground shaking severity (seismic demand) is will be applicable to a large number of buildings
selected, the result is a Rehabilitation Objective (see throughout the US. The Simplified Rehabilitation
Section 1.5.1.3 for a detailed discussion). With the Method employs equivalent static force analysis
exception of the Basic Safety Objective (BSO), there procedures, which are found in most seismic codes for
are no preset combinations of performance and groundnew buildings.

shaking hazard. The Basic Safety Objective is met when

a building can satisfy two criteria: (1) the Life Safety =~ Systematic Rehabilitation may be applied to any
Building Performance Level, which is the combination building and involves thorough checking of each

of the Structural and Nonstructural Life Safety existing structural element or component (an element
Performance Levels, for the Basic Safety Earthquake 1such as a moment-resisting frame is composed of beam
(BSE-1), and (2) the Collapse Prevention Performance and column components), the design of new ones, and
Level, which only pertains to structural performance, verification of acceptable overall interaction for

for the stronger shaking that occurs less frequently as expected displacements and internal forces. The
defined in the Basic Safety Earthquake 2 (BSE-2). OneSystematic Rehabilitation Method focuses on the

or more of these two levels of earthquake motion may nonlinear behavior of structural response, and employs
be used in the design process to meet other procedures not previously emphasized in seismic codes.
Rehabilitation Objectives as well, but they have been

selected as the required ground shaking criteria for the 1.2.3 Varying Methods of Analysis

BSO. While the margin against failure may be smaller
and the reliability less, the primary goal of the BSO is to
provide a level of safety for rehabilitated buildings
similar to that of buildings recently designed to US
seismic code requirements. In fact, the strongest
argument for using similar ground motions to those
used for new buildings is to enable a direct comparison
of expected performance. It should be remembered,

Four distinct analytical procedures can be used in
Systematic Rehabilitation: Linear Static, Linear
Dynamic, Nonlinear Static, and Nonlinear Dynamic
Procedures. The choice of analytical method is subject
to limitations based on building characteristics. The
linear procedures maintain the traditional use of a linear
stress-strain relationship, but incorporate adjustments to
overall building deformations and material acceptance

however, that economic losses from damage are not itoria t rmit better consideration of the probabl
explicitly considered in the BSO, and these losses in ~ Cf't€fa t0 p€ etler consideratio € probable
nonlinear characteristics of seismic response. The

rehabilitated existing buildings should be expected to beN i Static P q ft led “oush
larger than in the case of a newly constructed building. '~ o/ in€ar static Frocédure, often calied “pushover
analysis,” uses simplified nonlinear techniques to

qestimate seismic structural deformations. The Nonlinear
Dynamic Procedure, commonly known as nonlinear

Objectives can be defined. Those objectives that exceed M€ Nistory analysis, requires considerable judgment
and experience to perform, and may only be used within

the requirements for the BSO, either in terms of SO ; , .
Performance Level, ground shaking criteria, or both, aregsigg}i'i['sons described in Section 2.9.2.2 of the

termed Enhanced Objectives, and similarly, those that
fail to meet some aspect of the BSO are termed Limited

Using various combinations of Performance Levels an
ground shaking criteria, many other Rehabilitation

1.24 Quantitative Specifications of

Objectives. _
: Component Behavior

1.2.2  Simplified and Systematic Inherent in the concept of Performance Levels and

Rehabilitation Methods Ranges is the assumption that performance can be

measured using analytical results such as story drift
ratios or strength and ductility demands on individual
components or elements. To enable structural
verification at the selected Performance Level, stiffness,
strength, and ductility characteristics of many common

Simplified Rehabilitation may be applied to certain
small buildings specified in tHeuidelines The primary
intent of Simplified Rehabilitation is to reduce seismic
risk efficiently where possible and appropriate by
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elements and components have been derived from for each and every structural type, particularly those
laboratory tests and analytical studies and put in a that have generally been covered by their own codes or

standard format in th@uidelines standards, such as bridges and nuclear power plants. It
is important to note that, as written, the provisions are
1.2.5 Procedures for Incorporating New not intended to be mandatory. Careful consideration of
Information and Technologies into the applicability to any given group of buildings or
Rehabilitation structures should be made prior to adoption of any

) ) o ) portion of these procedures for mandatory use.
It is expected that testing of existing materials and
elements will continue and that additional corrective  This document applies to the seismic resistance of both
measures and products will be developed. Itis also  the overall structural system of a building and its
expected that systems and products intended to modifyglements—such as shear walls or frames—and the
structural response beneficially will be advanced. The ¢onstituent components of elements, such as a column
format of the analysis techniques and acceptability jn 3 frame or a boundary member in a wall. It also
criteria of theGuidelinesallows rapid incorporation of  applies to nonstructural components of existing
such technology. Section 2.13 gives specific guidance inyyjidings—ceilings, partitions, and mechanical/
this regard. Itis expected that Beidelineswill have a  ejectrical systems. In addition to techniques for
significant impact on testing and documentation of ~ncreasing strength and ductility of systems, this
existing materials and systems as well as new productsgocument provides rehabilitation techniques for
In addition, an entire chapter (Chapter 9) has been  reducing seismic demand, such as the introduction of
devoted to two such new technologies, seismic isolationsp|ation or damping devices. And, although this
and energy dissipation. document is not intended to address the design of new

buildings, it does cover new components or elements to
1.3 Scope, Contents, and Limitations be added to existing_buildings_. Evaluatio_n of
components for gravity and wind forces in the absence

This section describes the scope and limitations of the of earthquake demands is beyond the scope of the
contents of this document pertaining to the following: document.

 buildings and loadings 1.3.2 Activities and Policies Associated with
Seismic Rehabilitation
» activities and policies associated with seismic

rehabilitation There are several significant steps in the process of

reducing seismic risk in buildings that this document
does not encompass. The first step, deciding whether or
not to undertake a rehabilitation project for a particular
building, is beyond the scope of tBaiidelines Once

the decision to rehabilitate a building has been made,
the Guidelines’'detailed engineering guidance on how
to conduct seismic rehabilitation analysis can be

This document is intended to be applied to all applied.

buildings—regardless of importance, occupancy,

historic features, size, or other characteristics—that by Another step, determining when tBaiidelinesshould
some criteria are deficient in their ability to resist the  be applicable in a mandatory way to a remodeling or
effects of earthquakes. In addition to the direct effects structural alteration project (the decision as to when the
of ground shaking, this document also considers the provisions are “triggered”), is also beyond the scope of

* seismic mapping
« technical content

131 Buildings and Loadings

effects on buildings of local ground failure such as this document. Finally, methods of reducing seismic
liquefaction. With careful extrapolation, the procedures risk that do not physically change the building—such as
herein can also be applied to many nonbuilding reducing the number of occupants—are not covered
structures such as pipe racks, steel storage racks, here.

structural towers for tanks and vessels, piers, wharves,

and electrical power generating facilities. The Recommendations regarding the selection of a

applicability of the procedures has not been examined Rehabilitation Objective for any building are also
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beyond the scope of this document. As noted above, a 1.3.3 Seismic Mapping
life safety risk often considered acceptable, is defined
by a specific objective, termed the Basic Safety
Objective (BSO). Higher and lower objectives can also
be defined by the user. T@®mMmentardiscusses
issues to consider when combining various performanc
and seismic hazard levels; it should be noted that not al
combinations constitute reasonable or cost-effective
Rehabilitation Objectives. ThHauidelineswere written
under the premise that greater flexibility is required in
seismic rehabilitation than in the design of new
buildings. However, even with the flexibility provided
by various Rehabilitation Objectives, once a
Rehabilitation Objective is decided upon, the
Guidelinesprovide internally consistent procedures tha
include the necessary analysis and construction
specifications.

Special or new mapping of expected seismic ground
shaking for the country has not been developed for the
Guidelines However, new national earthquake hazard
dnaps were developed in 1996 by the United States
peological Survey (USGS) as part of a joint project
(known as Project '97) with the Building Seismic
Safety Council to update the 1989EHRP
Recommended Provisiofa new buildings. National
probabilistic maps were developed for ground motions
with a 10% chance of exceedance in 50 years, a 10%
chance of exceedance in 100 years (which can also be
expressed as a 5% chance of exceedance in 50 years)
¢ and a 10% chance of exceedance in 250 years (which
also can be expressed as a 2% chance of exceedance in
50 years). These probabilities correspond to motions
that are expected to occur, on average, about once every
500, 1000, and 2500 years. In addition, in certain
locations with well-defined earthquake sources, local
ground motions for specific earthquakes were
developed, known as deterministic motions. Key
ordinates of a ground motion response spectrum for

Featured in th&uidelinesare descriptions of damage
states with relation to specific Performance Levels.
These descriptions are intended to aid design
professionals and owners when selecting appropriate
Performance Levels for rehabilitation design. They are :
not intended to be used directly for condition these various cases allow the user to develop a complete

assessment of earthquake-damaged buildings. AlthougfPECtrum at any site. Ti@uidelinesare written to use
there are similarities in damage descriptions that are  SUCh @ response spectrum as the seismic demand input
used for selection of rehabilitation design criteria and [OF the various analysis techniques.

descriptions used for post-earthquake damage
assessment, many factors enter into the design and
assessment processes. No single parameter should be
cited as defining either a Performance Level or the
safety or usefulness of an earthquake-damaged
building.

The responsibility of the Building Seismic Safety
Council in Project '97 was to develop a national map
and/or analytical procedure to best utilize the new
seismic hazard information for the design of new
buildings. As part of that process, rules were developed
to combine portions of both the USGS probabilistic and

Techniques of repair for earthquake-damaged buiIdingsdetermm'StIC maps to create a map of ground motions

are not included in theuidelines However. if the representing the effects of large, rare events in all parts

; ; : f the country. This event is called the Maximum
mechanical properties of repaired components are ot the o
known, acceptability criteria for use in this document ~Considered Earthquake (MCE). New buildings are to be
can be either deduced by comparison with other similard€signed, with traditional design rules, for two-thirds of
components, or derived. Any combination of repaired  theS€ ground motion values with the purpose of
elements, undamaged existing elements, and new  Providing an equal margin against collapse for the
elements can be modeled using this document, and eacYf"€d seismicity across the country.

checked against Performance Level acceptance criteriaFOr consistency in this document, ground motion

probabilities will be expressed with relationship to

Although theGuideI_ineSNere not written for the 50-year exposure times, and in a shorthand format; i.e
purpose of evaluating the expected performance of an 109/50 years is a 10% ’chance of exceedance in 5’0 :

unrehabilitated existing building, they may be used as & , )
reference for evaluation purposes in deciding whether a/SarS, 5%/50 years is a 5% chance of exceedance in 50
building requires rehabilitation, similarly to the way é(e)ars, and 2%/50 years is a 2% chance of exceedance in
code provisions for new buildings are sometimes used > Y&ars:

n evaluation tool. . I L .
as an evaluation too The variable Rehabilitation Objectives featured in the

Guidelinesallows consideration of any ground motion
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that may be of interest, the characteristics of which cananalysis techniques and material acceptability criteria in
be determined specifically for the site, or taken from a each situation. It is suggested that results obtained for
national or local map. However, specifically for use any individual building be validated by additional

with the BSO, and generally for convenience in defining checks using alternative methodologies and careful

the ground motion for other Rehabilitation Objectives, analysis of any differences. Information contained in
the 10%/50 year probabilistic maps and the MCE mapsthe Commentaryill be valuable for such individual

developed in Project 97 are in the map package validation studies.
distributed with theSuidelines For additional map
packages, call FEMA at 1-800-480-2520. The concepts and terminology of performance-based

design are new and should be carefully studied and
New ground motion maps specifically related to the  discussed with building owners before use. The
seismic design procedures of the 1987ZHRP terminology used for Performance Levels is intended to
Recommendelrovisionsare expected to be available. represengoalsof design. The actual ground motion
These maps plot key ordinates of a ground motion will seldom be comparable to that specified in the
response spectrum, allowing development by the user oRehabilitation Objective, so in most events, designs
a complete spectrum at any site. Thedelinesare targeted at various damage states may only determine
written to use such a response spectrum as the seismiaelative performance. Even given a ground motion
demand input for the various analysis techniques. Whilesimilar to that specified in the Rehabilitation Objective
the NEHRP maps provide a ready source for this type ofand used in design, variations from stated performances
information, theGuidelinesmay be used with seismic  should be expected. These could be associated with
hazard data from any source as long as it is expressed amknown geometry and member sizes in existing

a response spectrum. buildings, deterioration of materials, incomplete site
data, variation of ground motion that can occur within a
1.34 Technical Content small area, and incomplete knowledge and

simplifications related to modeling and analysis.
Compliance with th&uidelinesshould therefore not be
considered a guarantee of the specified performance.
SDetermination of statistical reliability of the
recommendations in th@uidelineswvas not a part of the
development project. Such a study would require
development of and consensus acceptance of a new
: . . methodology to determine reliability. However, the
engineering judgment of the various development expected reliability of achieving various Performance
teams. Certain buildings damaged in the 1994 Levels when the requirements of a given Level are

Northridge earthquake and a limited number of designsty), e is discussed in tH@ommentanfor Chapter 2.
using codes for new buildings have been checked with

the procedures of this document. There has not yet been

the opportunity, however, for comprehensive 1.4 Relationship to Other Documents
comparisons with other codes and standards, nor for and Procedures

evaluation of the accuracy in predicting the damage

level under actual earthquake ground motions. As of  The Guidelinescontain specific references to many
this writing (1997), significant case studies are already other documents; however, tBaiidelinesare also
underway to test more thoroughly the various analysis related generically to the following publications.
techniques and acceptability criteria. There

undoubtedly will also be lessons learned from future « FEMA 222A and 223ANEHRP Recommended
damaging earthquakes by studying performance of both  Provisions for Seismic Regulations for New
unrehabilitated buildings and buildings rehabilitated to Buildings(BSSC, 1995): For the purposes of the
these or other standards. A structured program will also  design of new components, tBeidelineshave been
be instituted to gather and assess the new knowledge designed to be as compatible as possible with the
relevant to the data, procedures, and criteria contained  companiorProvisionsfor new buildings and its

in theGuidelines and make recommendations for reference design documents. Detailed references to
future refinements. Engineering judgment should be the use of specific sections of tRevisions
exercised in determining the applicability of various

The Guidelineshave been developed by a large team of
specialists in earthquake engineering and seismic
rehabilitation. The most advanced analytical technique
that were considered practical for production use have
been incorporated, and seismic Performance Level
criteria have been specified using actual laboratory test
results, where available, supplemented by the
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document will be found in subsequent sections of levels are included in the data. Since the data were
the Guidelines developed in 1994, none of the data is based on

buildings rehabilitated specifically in accordance
FEMA 302 and 303, 199NEHRP Recommended with the currenGuidelinesdocument. Performance
Provisions for Seismic Regulations for New Levels defined in th&uidelinesare not intended to
Buildings and Other Structur§BSSC, 1997), be significantly different from parallel levels used
referred to herein as the 198EHRP previously, and costs should still be reasonably
Recommended Provisigrisave been in preparation representative.

for the same time as the later versions of the

Guidelines Most references are to the 1998HRP * FEMA 275,Planning for Seismic Rehabilitation:

Recommended Provisions. Societal Issues (VSP, 1996)scusses societal and
implementation issues associated with rehabilitation,

FEMA 237,Development of Guidelines for Seismic and describes several case histories.

Rehabilitation of Buildings, Phase I: Issues

Identification and Resolutio(ATC, 1992), which » FEMA 276,Guidelines for the Seismic

underwent an American Society of Civil Engineers Rehabilitation of BuildingsExample Applications

(ASCE) consensus approval process, provided (ATC, 1997), intended as a companion document to

policy direction for this document. theGuidelinesandCommentarygescribes examples
of buildings that have been seismically rehabilitated

Proceedings of the Workshop To Resolve Seismic in various seismic regions and for different

Rehabilitation Sub-issuéATC, 1993) provided Rehabilitation Objectives. Costs of the work are

recommendations to the writers of Baidelineson given and references made to FEMA 156 and 157.

more detailed sub-issues. Since the document is based on previous case
histories, none of the examples were rehabilitated

FEMA 172,NEHRP Handbook of Techniques for specifically in accordance with the current

the Seismic Rehabilitation of Existing Buildings Guidelines document. However, Performance Levels

(BSSC, 1992a), originally produced by URS/Blume defined in theGuidelinesare not intended to be

and reviewed by the BSSC, contains construction significantly different than parallel levels used

techniques for implementing engineering solutions previously, and the case studies are therefore

to the seismic deficiencies of existing buildings. considered representative.

FEMA 178,NEHRP Handbook for the Seismic » ATC 40, Seismic Evaluation and Retrofit of

Evaluation of Existing BuildingBSSC, 1992b), Concrete Buildings(ATC, 1996), incorporates

which was originally developed by ATC and performance levels almost identical to those shown

underwent the consensus approval process of the in Table 2-9 and employs “pushover” nonlinear

BSSC, covers the subject of evaluating existing analysis techniques. The capacity spectrum method

buildings to decide if they are seismically deficient for determining the displacement demand is treated

in terms of life safety. The model building types and  in detail. This document covers only concrete
other information from that publication are used or buildings.

referred to extensively in theuidelinesin

Chapter 10 and in tHexample Applications T .

document (ATC, 1997). FEMA 178, 1992 edition, is 1-2  Use of theGuidelinesin the

being updated to include additional performance Seismic Rehabilitation Process
objectives as well as to be more compatible with the _. . .
Guidelines Figure 1-1 is an overview of the flow of procedures

contained in this document as well as an indication of

FEMA 156 and 157, Second Editiofypical Costs  the broader scope of the overall seismic rehabilitation
for Seismic Rehabilitation of Existing Buildings process for individual buildings. In addition to showing

(Hart, 1994 and 1995), reports statistical analysis of & Simplified flow diagram of the overall process,

the costs of rehabilitation of over 2000 buildings, ~ Figure 1-1 indicates points at which input from this
based on construction costs or detailed studies. document is likely, as well as potential steps outside the
Several different seismic zones and performance ~ SCOPe of th&uidelines Specific chapter references are
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noted at points in the flow diagram where input from  This document is focused primarily on the technical
theGuidelinesis to be obtained. This is a very general aspects of rehabilitation. Basic information specifically
depiction of this process, which can take many forms included in theGuidelinesis discussed below.
and may include steps more numerous and in different
order than shown. 1511 Site Hazards Other than Seismic

Ground Shaking
As indicated in Section 1.3, tliguidelinesare written he analysis and design procedures ofGoielines

with the assumption that the user has already conclude L : :
o O : re primarily aimed at improving the performance of
that a building needs to be seismically improved,; 3 y P J P

. X . ) . buildings under the loads and deformations imposed by
evaluation techniques for reaching this decision are NOtaismic shaking. However, other seismic hazards could
specifically prescribed. However, the use of the detailedgy ;s a1 the building site that could damage the building
analysis "%‘”d ver|f|(_:z_71t|o_n technlques assomated W!th regardless of its ability to resist ground shaking. These
Systematic Rehabilitation (Section 1.5.4) may indicate .5 s include fault rupture, liquefaction or other
that some buildings determined to be deficient by Othershaking-induced soil failures. landslides. and
evaluation or classification systems are actually inundation from offsite effects such as dam failure or
acceptable without modification. This might occur, for -
example, if &Guidelinesanalysis method reveals that an '
existing building has greater capacity than was

) . The risk and possible extent of damage from such site
determined by use of a less exact evaluation method. b g

hazards should be considered before undertaking

. . . . rehabilitation aimed solely at reducing shaking damage.

151  Initial Considerations for Individual In some situations, it may be feasible to mitigate the site
Buildings hazard. In many cases, the likelihood of the site hazard

The use of th&uidelineswill be simplified and made  occurring will be sufficiently small that rehabilitating

more efficient if certain base information is obtained  the building for shaking alone is appropriate. Where a
and considered prior to beginning the process. site hazard exists, It may be feasible to m|t|gate It, either

by itself or in connection with the building

costs and impacts of rehabilitation, including both the from a site hazard is so extreme and difficult to control
variation associated with different Rehabilitation that rehabilitation will not be cost-effective.

Objectives and the potential add-on costs often

associated with seismic rehabilitation, such as other lifeChapter 2 describes the applicability of seismic ground

associated with the Americans with Disabilities Act,  requirements, and Chapter 4 describes corresponding

and nonseismic building remodeling. Also to be analysis procedures and mitigation measures.

considered are potential federal tax incentives for the o o

rehabilitation for historic buildings and for some other 1-9:1.2 CB:h?dractenstlcs of the Existing
uilding

older nonresidential buildings.
Chapter 2 discusses investigation of as-built conditions.
The use of the building must be considered in weighingEfficient use of th&uidelinesrequires basic
the significance of potential temporary or permanent  knowledge of the configuration, structural
disruptions associated with various risk mitigation characteristics, and seismic deficiencies of the building.
schemes. Other limitations on modifications to the Much of this information will normally be available
building due to historic or aesthetic features must also from a seismic evaluation of the building. For situations
be understood. The historic status of every building at where seismic rehabilitation has been mandated by
least 50 years old should be determined (see the sidebagcal government according to building construction
Considerations for Historic Building$ater in this classification, familiarity with the building type and its
chapter). This determination should be made early,  typical seismic deficiencies is recommended. Such
because it could influence the choices of rehabilitation jnformation is available from several sources, including
approaches and techniques. FEMA 178 (BSSC, 1992b) and the comparfixample
Applicationsdocument.
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Interest in reducing seismic risk

1 Review initial considerations

« Structural characteristics (Chapter 2)

« Site seismic hazards (Chapters 2 and 4)

« Occupancy (not considered in Guidelines; see Section 1.3)

« Historic status (see Section 1.6.1.3)

« Economic considerations: See Example Applications volume (FEMA 276)

for cost information

« Societal Issues: See Planning for Seismic Rehabilitation: Societal Issues

(FEMA 275)

2 Select Rehabilitation Objective (Chapter 2)
« Earthquake ground motion
« Performance level

Select initial approach to risk mitigation (Chapter 2)

3C Other choices
(notin Guidelines )

« Reduce occupancy
« Demolish

3A Simplified rehabilitation
(Chapters 2, 10 and 11)
« Identify building model type
« Consider deficiencies
« Select full or partial
rehabilitation
(Note: Simplified Rehabilitation can be
used for Limited Objectives only.)

3B Systematic rehabilitation
(Chapters 2-9 and 11)

« Consider deficiencies

« Select rehabilitation strategy
(Chapter 2)

« Select analysis procedure
(Chapters 2 and 3)

« Consider general requirements

(Chapter 2)

4A Design rehabilitation
measures

« Determine and design
corrective measures to
meet applicable

FEMA 178 requirements

4B Perform rehabilitation design
« Develop mathematical model (Chapters 3 through 9 for stiffness and
strength)
« Perform force and deformation response evaluation
(Chapters 2 through 9 and 11)
« Size elements, components, and connections
(Chapters 2, 5 through 9, and 11)

5A Verify rehabilitation design measures
« Reevaluate building to assure
that rehabilitation measures
remove all deficiencies without
creating new ones

« Review for economic acceptability

5B Verify rehabilitation measures
« Apply component acceptance criteria (Chapters 2 through 9
and 11)

« Review for conformance with requirements of Chapter 2
« Review for economic acceptability

6AL1 If not acceptable

« Return to 3A and revise
rehabilitation goal or to 4A
and revise corrective

measures

6A2 If acceptable

« Develop construction
documents

« Begin rehabilitation

» Exercise quality control
(Chapter 2)

6B1 If not acceptable

« Return to 3B to refine
analysis and design or to
2 to reconsider
Rehabilitation Objective

6B2 If acceptable

« Develop construction
documents

« Begin rehabilitation

« Exercise quality control
(Chapter 2)

Figure 1-1 Rehabilitation Process Flowchart
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Basic information about the building is needed to specified performance. The expected reliability of
determine eligibility for Simplified Rehabilitation achieving various Performance Levels when the

(Step 3 in Figure 1-1), if its use is desired, or to developrequirements of a given Level are followed is discussed
a preliminary design (Step 4 in Figure 1-1). It is prudent in theCommentaryo Chapter 2.

to perform preliminary calculations to select key

locations or parameters prior to establishing a detailed 1.5.2 Initial Risk Mitigation Strategies

testing program, in order to obtain knowledge cost-
effectively and with as little disruption as possible of
construction features and materials properties at
concealed locations.

There are many ways to reduce seismic risk, whether
the risk is to property, life safety, or post-earthquake use
of the building. The occupancy of vulnerable buildings
can be reduced, redundant facilities can be provided,
and nonhistoric buildings can be demolished and
replaced. The risks posed by nonstructural components
and contents can be reduced. Seismic site hazards other
than shaking can be mitigated.

If the building is historic, additional as-built conditions
should be more thoroughly investigated and analyzed.
Publications dealing with the specialized subject of the
character-defining spaces, features, and details of
historic buildings should be consulted, and the services

of a historic preservation expert may be required. Most often, however, when all alternatives are

considered, the options of modifying the building to
1513 Rehabilitation Objective reduce the risk of damage must be studied. Such

corrective measures include stiffening or strengthening
A Rehabilitation Objective must be selected, at least onthe structure, adding local elements to eliminate

a preliminary basis, before beginning to use the irregularities or tie the structure together, reducing the
procedures of th&uidelines A Rehabilitation demand on the structure through the use of seismic
Objective is a statement of the desired limits of damageisolation or energy dissipation devices, and reducing the
or loss (Performance Level) for a given seismic height or mass of the structure. These modification

demand. The selection of a Rehabilitation Objective strategies are discussed in Chapter 2.

will be made by the owner and engineer in voluntary

rehabilitation cases, or by relevant public agencies in  Modifications appropriate to the building can be
mandatory programs. If the building is historic, there  determined using either the Simplified Rehabilitation
should be an additional goal to preserve its historic Method or Systematic Rehabilitation Method.

fabric and character in conformance with the Secretary

of the Interior'sStandards for Rehabilitation 1.5.3 Simplified Rehabilitation

Whenever possible, the Rehabilitation Objective should Simplified Rehabilitation will apply to many small
meet the requirements of the BSO, which consists of Puildings of regular configuration, particularly in
two parts: 1, the Life Safety Building Performance moderate or low seismic zones. Simplified _ ,
Level for BSE-1 (the earthquake ground motion with a Rehabilitation requires less complicated analysis and in
10% chance of exceedance in 50 years (10%/50 year),SOMe cases less _deS|gn than the complete analytical
but in no case exceeding two-thirds of the ground rehabilitation design procedures found under
response expressed for the Maximum Considered Systematic Rehabilitation. In many cases, Simplified
Earthquake) and 2, the Collapse Prevention Building Rehabilitation represents a cost-effective improvement
Performance Level for the earthquake ground motion N Seismic performance, but often does not require
representing the large, rare event, called the Maximum sufficiently detailed or complete analysis and evaluation
Considered Earthquake (described inGhédelinesas to qual_lf_y f(_)r a speC|_f|c Performance_: Level. Simplified
BSE-2). Throughout this document, the BSO provides aRehabilitation techniques are described for components
national benchmark with which lower or higher (e.g., parapets, wall ties), as well as entire systems.
Rehabilitation Objectives can be compared. Simplified Rehabilitation of structural systems is
covered in Chapter 10, and the combinations of
Due to the variation in performance associated with ~ S€ismicity, Model Building, and other considerations
unknown conditions in existing buildings, deterioration for which itis allowed are provided in Section 2.8 and
of materials, incomplete site data, and large variation N Table 10-1. Simplified rehabilitation of nonstructural
expected in ground shaking, compliance with the components is covered in Chapter 11.
Guidelinesshould not be considered a guarantee of the
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154 Systematic Rehabilitation components, and guidance on required seismic demand
is given in Chapter 2. Guidance is given for the use of
the Nonlinear Dynamic Procedure; however,
considerable judgment is required in its application.
Criteria for applying ground motion for various analysis
procedures is given, but definitive rules for developing
>ground motion input are not included in B@aidelines.

The Systematic Rehabilitation Method is intended to be
complete and contains all requirements to reach any
specified Performance Level. Systematic Rehabilitation
is an iterative process, similar to the design of new
buildings, in which modifications of the existing
structure are assumed for the purposes of a preliminar
design and analysis, and the results of the analysis areq g
verified as acceptable on an element and component ~7°
basis. If either new or existing components or elementsFor systematic rehabilitation, the effects of forces and

Verification and Economic Acceptance

still prove to be inadequate, the modifications are displacements imposed on various elements by the
adjusted and, if necessary, a new analysis and seismic demand must be checked for acceptability for
verification cycle is performed. Systematic the selected Performance Level. These acceptability
Rehabilitation is covered in Chapters 2 through 9, criteria, generally categorized by material, are given in
and 11. Chapters 4 through 9. In addition, certain overall
detailing, configuration, and connectivity requirements,
1541 Preliminary Design covered in Chapter 2 and in Chapter 10 for simplified

rehabilitation, must be satisfied prior to complete
acceptance of the rehabilitation design. Nonstructural
f£omponents are covered in Chapter 11. At this stage a
cost estimate can be made to review the design’s
economic acceptability.

A preliminary design is needed to define the extent and
configuration of corrective measures in sufficient detail
to estimate the interaction of the stiffness, strength, an
post-yield behavior of all new, modified, or existing
elements to be used for lateral force resistance. The
designer is encouraged to include all elements with
significant lateral stiffness in a mathematical model to
assure deformation capability under realistic seismic
drifts. However, just as in the design of new buildings, it
may be determined that certain components or element he process would return to Step 3 or 4 if onl

will not be considered part of the lateral-force-resisting - P ) ded in th Fc)i . . yd'ff ,
system, as long as deformation compatibility checks arg S'Nements were needed in the design, orit a diferen
made on these components or elements to assure the“scheme were 10 be tested.
adequacy. In Figure 1-1, the preliminary design is in
Steps 3 and 4.

If the design proves uneconomical or otherwise
unfeasible, different Rehabilitation Objectives or risk
mitigation strategies may have to be considered, and the
grocess would begin anew at Step 2 or 3 in Figure 1-1.

1.5.6 Implementation of the Design

_ When a satisfactory design is completed, the important
1542 Analysis implementation phase may begin. Chapter 2 contains

A mathematical model, developed for the preliminary Provisions for a quality assurance program during
design, must be constructed in connection with one of construction. While detailed analysis of construction

the analysis procedures defined in Chapter 3. These ar&9Sts and scheduling is not covered by the procedures in
the linear procedures (Linear Static and Linear theGuidelines these important issues are discussed in
Dynamic) and the nonlinear procedures (Nonlinear ~ theExample Applicationsolume (ATC, 1997). Other
Static and Nonlinear Dynamic). With the exception of Significant aspects of the implementation process—
the Nonlinear Dynamic Procedure, Beidelines including details of the preparation of construction
define the analysis and rehabilitation design proceduregdocuments by the architectural and engineering design
sufficiently that compliance can be checked by a professionals, obtaining a building permit, selection of a
building department in a manner similar to design contractor, details of historic preservation techniques
reviews for new buildings. Modeling assumptions to be for particular _kln(_js of materials, and financing—are not
used in various situations are given in Chapters 4 part of theGuidelines

through 9, and Chapter 11 for nonstructural

Social, Economic, and Political Considerations
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The scope of th&uidelineds limited to the engineering upgrading unrelated to earthquake concerns, seismic upgrading
basis for seismically rehabilitating a building, but the also tends to raise rents and real estate prices, because of the
user should also be aware of significant nonengineering Need to recover the costs of the investment.
issues and social and economic impacts. These problems

and opportunities, which vary with each situation, are Regulations ) S )
discussed in a separate publicat®i@nning for Seismic As with efforts to impose safety regulations in other fields,
Rehabilitation: Societal IssuéEEMA 275) mandating seismic rehabilitation is often controversial. The

Guidelinesare not written as mandatory code provisions, but
one possible application is to adapt them for that use. In such
cases political controversy should be expected, and

nonengineering issues of all kinds should be carefully

Construction Cost
If seismic rehabilitation were always inexpensive, the social
and political costs and controversies would largely disappear.

Unfortunately, seismic rehabilitation often requires removal of considered.

architectural materials to access the vulnerable portions of the .

structure, and nonseismic upgrading (e.g., electrical, Architecture o o

handicapped access, historic restoration) is frequently Even if a building is not historic, there are often significant

“triggered” by a building code’s remodeling permit architectural impacts. The exterior and interior appearance may

requirements or is desirable to undertake at the same time. change, and the division of spaces and arrangement of
circulation routes may be altered.

Housing . o

While seismic rehabilitation ultimately improves the housing Community Revitalization ) o

stock, units can be temporarily lost during the construction _Selsmlc rehabllltatlon not only_poses issues and |mp_I|es costs,

phase, which may last more than a year. This can require it also confer.s beneflts. In addition to enhanced pulbllc. safety

relocation of tenants. and economic protection from earthquake loss, seismic

rehabilitation can play a leading role in the revitalization of
older commercial and industrial areas as well as residential

Impacts on Lower-Income Groups neighborhoods.

Lower-income residents and commercial tenants can be
displaced by seismic rehabilitation. Often caused by

16.1 Initial Considerations for Mitigation
Programs
1.6 Use of theGuidelinesfor Local or Local or directed programs can either target high-risk
Directed Risk Mitigation building types or set overall priorities. These decisions

o) should be made with full consideration of physical,
rograms social, historic, and economic characteristics of the

The Guidelineshave been written to accommodate use Puilding inventory. Although financial incentives can
in a wide variety of situations, including both local risk induce voluntary risk mitigation, carefully planned

mitigation programs and directed programs created by Mandatory or directed programs, developed in
broadly based organizations or governmental agencies cooperation with those whose interests are affected, are

that have jurisdiction over many buildings. These generally more effective. Potential benefits of such
programs may target certain building types for programs include reduction of direct earthquake
rehabilitation or require complete rehabilitation coupled /0SS€S—such as casualties, costs to repair damage, and
with other remodeling work. The incorporation of loss of use of buildings—as well as more rapid overall
variable Rehabilitation Objectives and use of Model ~ écovery. Rehabilitated buildings may also increase in
Building Types in theSuidelinesallows creation of value and be assigned lower insurance rates. Additional
subsets of rehabilitation requirements to suit local issues that should be considered for positive or negative

conditions of seismicity, building inventory, social and €ffects include the interaction of rehabilitation with
economic considerations, and other factors. Provisions ©verall planning goals, historic preservation, and the
appropriate for local situations can be extracted, put into0c@l €conomy. These issues are discussedainning
regulatory language, and adopted into appropriate for Seismic Rehabilitation: Societal IssU®SP, 1996).

codes, standards, or local ordinances.
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1.6.1.1 Potential Costs of Local or Directed

Programs

The primary costs of seismic rehabilitation—the
construction work itself, including design, inspection,
and administration—are normally paid by the owner.

16.1.2

Presuming that new buildings are being constructed
with adequate seismic protection and that older
buildings are occasionally demolished or replaced, the
inventory of seismically hazardous buildings in any

Timetables and Effectiveness

Additional costs that should be weighed when creating community will be gradually reduced. This attrition rate

seismic risk reduction programs are those associated

is normally small, since the structures of many

with developing and administering the program, such asbuildings have useful lives of 100 years or more and

the costs of identification of high-risk buildings,
environmental or socioeconomic impact reports,
training programs, plan checking and construction
inspection.

The construction costs include not only the cost of the
pure structural rehabilitation but also the costs
associated with new or replaced finishes that may be
required. In some cases, seismic rehabilitation work
will trigger other local jurisdictional requirements, such
as hazardous material removal or partial or full
compliance with the Americans with Disabilities Act.
The costs of seismic or functional improvements to

very few buildings are actually demolished. If buildings
or districts become historically significant, they may not
be subject to attrition at all. In many cases, then, doing
nothing (or waiting for an outside influence to force
action) may present a large cumulative risk to the
inventory.

It has often been pointed out that exposure time is a
significant element of risk. The time aspect of risk
reduction is so compelling that it often appears as part
of book and workshop titles; for exampBxtween Two
Earthquakes: Cultural Property in Seismic Zones
(Feilden, 1987)Competing Against TimEalifornia

nonstructural systems should also be considered. Ther&overnor's Board of Inquiry, 1990); and “In Wait for

may also be costs to the owner associated with
temporary disruption or loss of use of the building

the Next One(EERI, 1995). Therefore, an important
consideration in the development of programs is the

during construction. To offset these costs, there may betime allotted to reach a certain risk reduction goal. It is

low-interest earthquake rehabilitation loans available
from state or local government, or historic building tax
credits.

If seismic rehabilitation is the primary purpose of

generally assumed that longer programs create less
hardship than short ones by allowing more flexibility in
planning for the cost and possible disruption of
rehabilitation, as well as by allowing natural or
accelerated attrition to reduce undesirable impacts. On

construction, the costs of the various nonseismic work the other hand, the net reduction of risk is smaller due to

that may be required should be included as direct

the increased exposure time of the seismically deficient

consequences. On the other hand, if the seismic work isuilding stock.

an added feature of a major remodel, the nonseismic
improvements probably would have been required
anyway, and therefore should not be attributed to
seismic rehabilitation.

Given a high perceived danger and certain advantageous
characteristics of ownership, size, and occupancy of the
target buildings, mandatory programs have been
completed in as little as five to ten years. More

A discussion of these issues, as well as guidance on thextensive programs—involving complex buildings such

range of costs of seismic rehabilitation, is included in
FEMA 156 and 157, Second EditioRypical Costs for
Seismic Rehabilitation of Buildingklart, 1994 and
1995) and in FEMA 2768Guidelines for the Seismic
Rehabilitation of Buildings: Example Applications

(ATC, 1997). Since the data for these documents were
developed prior to the Guidelines, the information is not1.6.1.3

based on buildings rehabilitated specifically in
accordance with the current document. However,
Performance Levels defined in tBaiidelinesare not

intended to be significantly different than parallel levels

used previously, and costs should still be reasonably
representative.

as hospitals, or with significant funding limitations—
may have completion goals of 30 to 50 years. Deadlines
for individual buildings are also often determined by the
risk presented by building type, occupancy, location,
soil type, funding availability, or other factors.

Historic Preservation

Seismic rehabilitation of buildings can affect historic
preservation in two ways. First, the introduction of new
elements that will be associated with the rehabilitation
may in some way impact the historic fabric of the

FEMA 273
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Considerations for Historic Buildings

It must be determined early in the process whether a
building is “historic.” A building is historic if it is at
least 50 years old and is listed in or potentially
eligible for the National Register of Historic Places
and/or a state or local register as an individual
structure or as a contributing structure in a district.
Structures less than 50 years old may also be historic
if they possess exceptional significance. For historic
buildings, users should develop and evaluate
alternative solutions with regard to their effect on the
loss of historic character and fabric, using the
Secretary of the InteriorStandards for
Rehabilitation(Secretary of the Interior, 1990).

In addition to rehabilitation, the Secretary of the
Interior also has standards for preservation,
restoration, and reconstruction. These are published in
theStandards for the Treatment of Historic Properties
(Secretary of the Interior, 1992). A seismic
rehabilitation project may include work that falls

under theRehabilitation Standardshe Treatment
Standardsor both

For historic buildings as well as for other structures of
architectural interest, it is important to note that the
Secretary of the Interior'Standardslefine

rehabilitation as “the process of returning a property
to a state of utility, through repair or alteration, which
makes possible an efficient contemporary use while
preserving those portions and features of the property
which are significant to its historic, architectural and
cultural values.” The Secretary has also published
standards for “preservation,” “restoration,” and
“reconstruction.” Further guidance on the treatment of
historic properties is contained in the publications in
the Catalog of Historic Preservation Publications
(NPS, 1995).

Rehabilitation Objectives

If seismic rehabilitation is required by the governing
building jurisdiction, the minimum seismic
requirements should be matched with a Rehabilitation
Objective defined in th&uidelineslit should be

noted that many codes covering historic buildings
allow some amount of flexibility in required
performance, depending on the effect of rehabilitatio
on important historic features.

If a building contains items of unusual architectural
interest, consideration should be given to the value ¢
these items. It may be desirable to rehabilitate the
building to the Damage Control Performance Range
to ensure that the architectural fabric survives certai
earthquakes.

Rehabilitation Strategies

In development of initial risk mitigation strategies,
consideration must be given to the architectural and
historic value of the building and its fabric.
Development of a Historic Structure Report
identifying the primary historic fabric may be
essential in the preliminary planning stages for certai
buildings. Some structurally adequate solutions mayj
nevertheless be unacceptable because they involve
destruction of historic fabric or character. Alternate
rehabilitation methods that lessen the impact on the

historic fabric should be developed for consideration|.

Partial demolition may be inappropriate for historic
structures. Elements that create irregularities may b
essential to the historic character of the structure. TH
advice of historic preservation experts may be
necessary.

Structural rehabilitation of historic buildings may be
accomplished by hiding the new structural members
or by exposing them as admittedly new elements in
the building’s history. Often, the exposure of new
structural members is preferred, because alterations
this kind are “reversible”; that is, they could
conceivably be undone at a future time with no loss d
historic fabric to the building. The decision to hide on
expose structural members is a complex one, best
made by a preservation professional.

=]

D

of

=

building. Second, the seismic rehabilitation work can considered during program development, and

serve to better protect the building from possibly subsequent work should be carefully monitored to
unrepairable future earthquake damage. The effects of assure compliance with previously mentioned national
any seismic risk reduction program on historic preservation guidelines. (See the sidebar,

buildings or preservation districts should be carefully “Considerations for Historic Buildings.”)
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1.6.2 Use in Passive Programs A single Rehabilitation Objective could be selected
under all triggering situations (the BSO, for example),
or more stringent objectives can be used for important
changes to the building, less stringent objectives for
minor changes. For example, it is sometimes necessary
for design professionals, owners, and building officials
to negotiate the extent of seismic improvements done in
association with building alterations. Complete
rehabilitation is often required by local regulation for
complete remodels or major structural alterations. It is
the intent of th&uidelinesto provide a common
framework for all of these various uses.

Programs that only require seismic rehabilitation in
association with other activity on the building are often
classified as “passive.” “Active” programs, on the other
hand, are those that mandate seismic rehabilitation for
targeted buildings in a certain time frame, regardless of
other activity associated with the building (see

Section 1.6.3). Activities in a building that may
passively generate a requirement to seismically
rehabilitate—such as an increase in occupancy,
structural modification, or a major remodeling that
would significantly extend the life of the building—are
called “triggers.” The concept of certain activities 1.6.3
triggering compliance with current standards is well e
established in building codes. However, the details of Active programs are most often targeted at high-risk
the requirements have varied widely. These issues havéuilding types or occupancies. Active seismic risk
been documented with respect to seismic rehabilitationreduction programs are those that require owners to
in California (Hoover, 1992). Passive programs reduce rehabilitate their buildings in a certain time frame or, in

Use in Active or Mandated Programs

risk more slowly than active programs. the case of government agencies or other owners of
large inventories, to set self-imposed deadlines for
1.6.2.1 Selection of Seismic Rehabilitation completion.
Triggers

The Guidelinesdo not cover triggers for seismic 1631  Selection of Buildings to be Included

rehabilitation. The extent and detail of seismic triggers Programs would logically target only the highest-risk
will greatly affect the speed, effectiveness, and impactsbuildings or at least create priorities based on risk. Risk
of seismic risk reduction, and the selection of triggers iscan be based on the likelihood of building failure, the

a policy decision expected to be done locally, by the  occupancy or importance of buildings, soil types, or
person or agency responsible for the inventory. Triggersother factors. Th&uidelinesare primarily written to be
that have been used or considered in the past include used in the process of rehabilitation and do not directly
revision of specified proportions of the structure, address the comparative risk level of various building
remodeling of specified percentages of the building types or other risk factors. Certain building types, such
area, work on the building that costs over a specified as unreinforced masonry bearing wall buildings and
percentage of the building value, change in use that  older improperly detailed reinforced concrete frame
increases the occupancy or importance of the building, buildings, have historically presented a high risk,

and changes of ownership. depending on local seismicity and building practice.
Therefore, these building types have sometimes been
1.6.2.2 Selection of Passive Seismic targeted in active programs.

Rehabilitation Standards

The Guidelinespurposely afford a wide variety of A more pragmatic consideration is the ease of locating
options that can be adopted into standards for seismic targéted buildings. If certain building types cannot be
rehabilitation to facilitate risk reduction. Standards can ehasny |dent|f|eg, ﬁ'ther by the Iocalgurlsdlctlotn or ?dy

be selected with varying degrees of risk reduction and L e ownecﬁranl t ecljr eng;nelersr,\ en otrcemen cou
varying costs by designating different Rehabilitation ~ P€come difficult and costly. In the extreme, every
Objectives. As described previously, a Rehabilitation ~Puilding designed prior to a given acceptable code cycle
Objective is created by specifying a desired Building Would require a seismic evaluation to determine
Performance Level for specified earthquake ground whether targeted chara_cterlstlcs or chg_r risk factors are
motion criteria. A jurisdiction can thus specify present, the cost of which may be significant. An
appropriate standards by extracting applicable alternate procedure might be to select easily identifiable

requirements and incorporating them into its own code PUilding characteristics to set timelines, even if more
or standard, or by reference accurate building-by-building priorities are somewhat

compromised.
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1.6.3.2 Selection of Active Seismic

Rehabilitation Standards

As discussed for passive programs (Section 1.6.2.2), th

Guidelinesare written to facilitate a wide variation in

risk reduction. Factors used to determine an appropriat

Rehabilitation Objective include local seismicity, the
costs of rehabilitation, and local socioeconomic
conditions.

It may be desirable to use Simplified Rehabilitation
Methods for active or mandated programs. Only
Limited Performance Objectives are included in the
Guidelinesfor this method. However, if a program has
identified a local building type with few variations in
material and configuration, a study of a sample of
typical buildings using Systematic Methods may
establish that compliance with the requirements of
Simplified Rehabilitation meets the BSO, or better, for
this building type in this location. Such risk and
performance decisions can only be made at the local
level.

1.7

ATC, 1992 Development of Guidelines for Seismic
Rehabilitation of Buildings, Phase I: Issues
Identification and Resolutignieveloped by the Applied
Technology Council (Report No. ATC-28) for the
Federal Emergency Management Agency (Report No.
FEMA 237), Washington, D.C.
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General Requirements

2.

2.1

This chapter presents tl&uidelines’general
requirements for rehabilitating existing buildings. The

Scope

framework in which these requirements are specified is

purposefully broad in order to accommodate buildings
of many different types, satisfy a broad range of
performance levels, and include consideration of the

variety of seismic hazards throughout the United States

and Territories.

Criteria for the following general issues regarding the
seismic rehabilitation of buildings are included in this
chapter:

» Rehabilitation Objectives: Selection of desired
performance levels for given earthquake severity
levels

— Performance Levels: Definition of the
expected behavior of the building in the design
earthquake(s) in terms of limiting levels of
damage to the structural and nonstructural
components

— Seismic Hazard: Determination of the design
ground shaking and other site hazards, such as
landsliding, liquefaction, or settlement

» As-Built Characteristics: Determination of the
basic construction characteristics and earthquake
resistive capacity of the existing building

« Rehabilitation Methods: Selection of the
Simplified or Systematic Method

» Rehabilitation Strategies: Selection of a basic
strategy for rehabilitation, e.g., providing additional
lateral-load-carrying elements, seismic isolation, or
reducing the mass of the building

» Analysis and Design Procedures: For Systematic
Rehabilitation approaches, selection among Linear
Static, Linear Dynamic, Nonlinear Static, or
Nonlinear Dynamic Procedures

» General Analysis and Design: Specification of
the force and deformation actions for which given
components of a building must be evaluated, and

2.2

(Simplified and Systematic Rehabilitation)

minimum design criteria for interconnection of
structural components

Building Interaction:  Guidelines for buildings

that share elements with neighboring structures, and
buildings with performance affected by the presence
of adjacent structures

Quality Assurance: Guidelines for ensuring that
the design intent is appropriately implemented in the
construction process

Alternative Materials and Methods: Guidelines
for evaluating and designing structural components
not specifically covered by other sections of the
Guidelines

Basic Approach

The basic approach for seismic rehabilitation design in-
cludes the steps indicated below. Note that these steps
are presented here in the order in which they would typ-
ically be followed in the rehabilitation process. Howev-
er, the guidelines for actually performing these steps are
presented in a somewhat different order, to facilitate pre-
sentation of the concepts.

Obtain as-built information on the building and
determine its characteristics, including whether the
building has historic status (Section 2.7).

Select a Rehabilitation Objective for the building
(Section 2.4).

Select an appropriate Rehabilitation Method
(Section 2.8).

If a Simplified Method is applicable, follow the
procedures of Chapter 10; or,

If a Systematic Method is to be followed:
— Select a Rehabilitation Strategy (Section 2.10)
and perform a preliminary design of corrective

measures.

— Select an appropriate Analysis Procedure
(Section 2.9).

FEMA 273
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— Perform an analysis of the building, including the important to good seismic performance, including
corrective measures, to verify its adequacy to  regular configuration, structural continuity, ductile
meet the selected Rehabilitation Objective detailing, and materials of appropriate quality. Many
(Chapter 3). existing buildings were designed and constructed

without these features, and contain characteristics—

— If the design is inadequate, revise the corrective such as unfavorable configuration and poor detailing—
measures or try an alternative strategy and repeathat preclude application of building code provisions for
the analysis until an acceptable design solution istheir seismic rehabilitation.
obtained.

A Rehabilitation Objective must be selected as the basis
Prior to embarking on a rehabilitation program, an for a rehabilitation design in order to use the provisions
evaluation should be performed to determine whether of theseGuidelines Each Rehabilitation Objective
the building, in its existing condition, has the desired consists of one or more specifications of a seismic
level of seismic resistance. FEMA 178 (BSSC, 1992) isdemand (hazard level) and corresponding damage state
an example of an evaluation methodology that may be (building performance level). THauidelinespresent a
used for this purpose. However, FEMA 178 currently Basic Safety Objective (BSO), which has performance
does not address objectives other than the Life Safety and hazard levels consistent with seismic risk

Performance Level for earthquakes with a 10% traditionally considered acceptable in the United States.
probability of exceedance in 50 years (10%/50 year), Alternative objectives that provide lower levels
whereas thes6uidelinesmay be used for other (Limited Objectives) and higher levels (Enhanced

performance levels and ground shaking criteria. FEMA Objectives) of performance are also described in the
178 is being revised to include the Damage Control ~ Guidelines
Performance Range.
Each structural component and element of the building,
Table 2-1 gives an overview of guidelines and criteria including its foundations, shall be classified as either
included in this chapter and their relation to guidelines primary or secondary. In a typical building, nearly all
and criteria in other chapters of {Beidelines elements, including many nonstructural components,
will contribute to the building’s overall stiffness, mass,
. . and damping, and consequently its response to
2.3 Design Basis earthquake ground motion. However, not all of these

The Guidelinesare intended to provide a nationally elements are critical to the ability of the structure to
applicable approach for the seismic rehabilitation of ~ "€SiSt collapse when subjected to strong ground
buildings. It is expected that most buildings shaking. For example, exterior cladding and interior
rehabilitated in accordance with tBaiidelineswould partitions can add substantial initial stiffness to a
perform within the desired levels when subjected to theStructure, yet this stiffness is not typically considered in
design earthquakes. However, compliance with the the design of new buildings for lateral force resistance
Guidelinesdoes not guarantee’such performance. The because the lateral strength of these elements is often
practice of earthquake engineering is rapidly evolving, Small. Similarly, the interaction of floor framing

and both our understanding of the behavior of buildingsSYStéms and columns in shear wall buildings can add
subjected to strong earthquakes and our ability to some stiffness, although designers typically neglect

predict this behavior are advancing. In the future, new Such stiffness when proportioning the building's shear

knowledge and technology will provide more reliable  Walls. In the procedures contained in th€sedelines
methods of accomplishing these goals. the behavior of all elements and components that

participate in the building’s lateral response is
The procedures contained in Beidelinesare considered, even if they are not normally considered as

specifically applicable to the rehabilitation of existing ~Part of the lateral-force-resisting system. This is to
buildings and are, in general, more appropriate for that allow _evaluatlon of the extent of damage likely to be
purpose than are building codes for the seismic design €XPerienced by each of these elements. The concept of
of new buildings. Building codes are primarily intended Primary and secondary elements permits the engineer to
to regulate the design and construction of new differentiate between the performance required of
buildings; as such, they include many provisions that eIe_ments that are critical to the building’s ability to
encourage the development of designs with features ~ "€Sist collapse and of those that are not.
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Table 2-1 Guidelines and Criteria in Chapter 2 and Relation to Guidelines and Criteria in Other Chapters
Chapter 2 Criteria Section Detailed Implementation Criteria in Other Chapters
Information
Action Section Presented Chapter(s) Information Presented
Select Rehabilitation Section 2.4 Detailed Guidelines
Objective
Select Performance Section 2.5 Detailed Guidelines
Level

Select Shaking Hazard Section 2.6 Detailed Criteria

Evaluate Other Seismic | Section 2.6 General Discussion Chapter 4 Evaluation and Mitigation
Hazards Methods

Obtain As-Built Section 2.7 Detailed Criteria Chapters 4-8 and 11 Material Property
Information, Including Guidelines

Historic Status Testing Guidelines

Select Rehabilitation Section 2.8 Rehabilitation Methods
Method
Simplified Chapters 10 and 11 Detailed Guidelines
Systematic Section 2.11 | General Analysis and Chapters 3-9 and 11 Implementation of
Design Criteria Systematic Method
Select Analysis Section 2.9 Detailed Criteria
Procedure
Select Rehabilitation Section 2.10 | Detailed Guidelines
Strategy
Create Mathematical Section 2.11 | General Analysis and Chapter 3 Detailed Requirements
Model Design Criteria Chapters 4-9 and 11 Stiffness and Strength of
Components
Perform Force and Section 2.11 | General Analysis and Chapter 3 Detailed Criteria
Deformation Evaluation Design Criteria
Apply Component Section 2.9 General Criteria Chapter 3 Detailed Criteria
Acceptance Criteria Chapters 4-9 and 11 Component Strength and

Deformation Criteria

Apply Quality Section 2.12 | Detailed Criteria
Assurance
Use Alternative Section 2.13 | Detailed Criteria

Materials and Methods
of Construction

* The primary elements and components are those that structural performance levels, substantial

provide the structure’s overall ability to resist degradation of the lateral-force-resisting stiffness
collapse under earthquake-induced ground motion. and strength of secondary elements and components
Although damage to these elements, and some is permissible, as this will not inhibit the entire
degradation of their strength and stiffness, may be building’s capacity to withstand the design ground
permitted to occur, the overall function of these motions. However, the ability of these secondary
elements in resisting structural collapse should not elements and components to support gravity loads,
be compromised. under the maximum deformations that the design

earthquake(s) would induce in the building, must be

» Other elements and components of the existing preserved.

building are designated as secondary. For some
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For a given performance level, acceptance criteria for Section 2.5.1 defines a series of three discrete Structural
primary elements and components will typically be Performance Levels that may be used in constructing
more restrictive (i.e., less damage is permissible) than project Rehabilitation Objectives. These are Immediate

those for secondary elements and components. Occupancy (S-1), Life Safety (S-3), and Collapse
Prevention (S-5). Two Structural Performance Ranges

In order to comply with the BSO or any Enhanced are defined to allow design for structural damage states

Rehabilitation Objective, the rehabilitated building intermediate to those represented by the discrete

shall be provided with a continuous load path, or paths,performance levels. These are Damage Control (S-2)

with adequate strength and stiffness to transfer and Limited Safety (S-4). In addition, there is the

seismically induced forces caused by ground motion indesignation of S-6, Structural Performance Not
any direction, from the point of application to the final Considered, to cover the situation where only
point of resistance. It shall be demonstrated that all ~ nonstructural improvements are made.
primary and secondary elements of the structure are

capable of resisting the forces and deformations Section 2.5.2 defines a series of three discrete
corresponding to the earthquake hazards within the  Nonstructural Performance Levels. These are:
acceptance criteria contained in tBeidelinesfor the Operational Performance Level (N-A), Immediate
applicable performance levels. Nonstructural Occupancy Performance Level (N-B), and Life Safety
components and building contents shall also be Performance Level (N-C). There is also a Hazards
adequately anchored or braced to the structure to Reduced Performance Range (N-D) and a fifth level or
control damage as required by the acceptance criteria category (N-E) in which nonstructural damage is not
for the applicable performance level. limited.

e . . Section 2.5.3 indicates how Structural and
2.4 Rehabilitation Objectives Nonstructural Performance Levels may be combined to
As stated earlier, a Rehabilitation Objective shall be ~ form designations for Building Performance Levels.
selected as the basis for design. Rehabilitation Numerals indicate the Structural Performance Level
Objectives are statements of the desired building and letters the Nonstructural Performance Level. Four

performance (see Section 2.5) when the building is Performance Levels commonly used in the formation of

subjected to earthquake demands of specified severity Building Rehabilitation Objectives are described; these
(see Section 2.6). are the Operational Performance Level (1-A),

Immediate Performance Occupancy Level (1-B), Life

Building performance can be described qualitatively in Safety Performance Level (3-C), and Collapse
terms of the safety afforded building occupants, during Prevention Performance Level (5-E).

and after the event; the cost and feasibility of restoring i .

the building to pre-earthquake condition; the length of S€ction 2.6, Seismic Hazard, presents methods for

time the building is removed from service to effect determining earthquake shaking demands and .
repairs; and economic, architectural, or historic impacts€onsidering other seismic hazards, such as liquefaction
on the larger community. These performance and landsliding. Earthquake shaking demands are
characteristics are directly related to the extent of expressed in terms of ground motion response spectra,
damage sustained by the building. discrete parameters that define these spectra, or suites

of ground motion time histories, depending on the

In theseGuidelines the extent of damage to a building analysis procedure selected. For sites with significant
is categorized as a Building Performance Level. A potential for ground failure, demands should also be
broad range of Building Performance Levels may be ~ €Xpressed in terms of the anticipated permanent
selected when determining Rehabilitation Objectives. differential ground deformations.

Each Building Performance Level consists of a
Structural Performance Level, which defines the
permissible damage to structural systems, and a
Nonstructural Performance Level, which defines the
permissible damage to nonstructural building
components and contents.

Earthquake demands are a function of the location of
the building with respect to causative faults, the
regional and site-specific geologic characteristics, and
the ground motion hazard level(s) selected in the
Rehabilitation Objective. In th@uidelines hazard

levels may be defined on either a probabilistic or
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deterministic basis. Probabilistic hazards are defined inlmmediate Occupancy for an earthquake with a 50%
terms of the probability that more severe demands will probability of exceedance in 50 years. A specific

be experienced (probability of exceedance) in a 50-year

period. Deterministic demands are defined withina  analytical evaluation should be performed to confirm
level of confidence in terms of a specific magnitude  that a rehabilitation design is capable of meeting each
event on a particular fault, which is most appropriate for desired Rehabilitation Objective selected as a goal for
buildings located within a few miles of a major active the project.

fault. Probabilistic hazard levels frequently used in
theseGuidelinesand their corresponding mean return
periods (the average number of years between events ofable 2-2 Rehabilitation Objectives
similar severity) are as follows:

Building Performance Levels

Earthquake Having Mean Return Period
Probability of Exceedance (years)

50%/50 year 72
20%/50 year 225
10%/50 year 474
2%/50 year 2,475

These mean return periods are typically rounded to 75,
225, 500, and 2,500 years, respectively. Ghalelines
make frequent reference to two levels of earthquake
hazard that are particularly useful for the formation of
Rehabilitation Objectives. These are defined in terms of
both probabilistic and deterministic approaches. They
are termed a Basic Safety Earthquake 1 (BSE-1) and 50%/50 year
Basic Safety Earthquake 2 (BSE-2). The BSE-1 and
BSE-2 earthquakes are typically taken as 10%/50 and
2%/50 year events, respectively, except in regions neal
major active faults. In these regions the BSE-1 and
BSE-2 may be defined based on deterministic estimate
of earthquakes on these faults. More detailed discussion
of ground motion hazards is presented in Section 2.6.

Immediate Occupancy Performance

Level (1-B)
Collapse Prevention Performance

Operational Performance
Level (5-E)

Level (1-A)
Life Safety Performance

Level (3-C)

[<3)
[op
(9]
o

—
«
>

20%/50 year e

BSE-1 i i k |
(~10%/50 year)

BSE-2 m n 0 p
(~2%/50 year)

U7
Earthquake Hazard

Level

e o . k+p=BSO
The Rehabilitation Objective selected as a basis for K+ E +any ofa, e, i, m; or b, f, j, or n = Enhanced Objectives

design yviII determine, tﬁ_) a _great e_xtent, the cost and E;Ennehﬁ?mgl ()Or1t4)3j‘3-CE\i/rTe1ited Obiectives
feasibility of any rehabilitation project, as well asthe ¢ “’4"n='Limited Objectives
benefit to be obtained in terms of improved safety,
reduction in property damage, and interruption of use in
the event of future earthquakes. Table 2-2 presents a 2.4.1  Basic Safety Objective
matrix indicating the broad range of Rehabilitation
Objectives that may be used in th€addelines (See
Section 2.5.3 for definitions of Building Performance
Levels.) Each cell in this matrix represents a single
Rehabilitation Objective. The goal of a rehabilitation
project may be to satisfy a single Rehabilitation

A desirable goal for rehabilitation is to achieve the
Basic Safety Objective (BSO). In order to achieve this
objective, building rehabilitation must be designed to
achieve both the Life Safety Performance Level (3-C)
for BSE-1 earthquake demands and the Collapse

= ; Prevention Level (5-E) for BSE-2 earthquake demands.
Objective—for example, Life Safety for the BSE-1 Buildings that have been properly designed and
earthquake—or multiple Rehabilitation Objectives—for ., nq4ricted in conformance with the latest edition of the

example, Life Safety for the BSE-1 earthquake, : P
Collapse Prevention for the BSE-2 earthquake, and gﬁﬁ'gﬁg' gggg(lg%ggd?ggg%ég?g?igﬂﬂg{gg
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Code(ICBO, 1994), including all applicable seismic
provisions of those codes, may be deemed by code
enforcement agencies to meet the BSO.

2.4.3

Any Rehabilitation Objective intended to provide
performance inferior to that of the BSO is termed a
Limited Objective. A Limited Objective may consist of
either Partial Rehabilitation (Section 2.4.3.1) or
Reduced Rehabilitation (Section 2.4.3.2). Limited
Rehabilitation Objectives should be permissible if the
following conditions are met:

Building rehabilitation programs designed to the BSO
are intended to provide a low risk of danger for any
earthquake likely to affect the site. This approximately
represents the earthquake risk to life safety traditionally
considered acceptable in the United States. Buildings
meeting the BSO are expected to experience little
damage from the relatively frequent, moderate
earthquakes that may occur, but significantly more
damage from the most severe and infrequent
earthquakes that could affect them. *
The level of damage to buildings rehabilitated to the
BSO may be greater than that expected in properly
designed and constructed new buildings.

When it is desired that a building be able to resist
earthquakes with less damage than implied by the BSO,
rehabilitation may be designed to one or more of the °
Enhanced Rehabilitation Objectives of Section 2.4.2.

2.4.2 Enhanced Rehabilitation Objectives

Any Rehabilitation Objective intended to provide
performance superior to that of the BSO is termed an
Enhanced Objective. An Enhanced Objective must .
provide better than BSO-designated performance at
either the BSE-1 or BSE-2, or both. Enhanced
performance can be obtained in two ways:

» Directly, by design for the BSE-1 or BSE-2
earthquakes. Examples include designing for a
higher Performance Level than Life Safety for the
BSE-1 or a higher Performance Level than Collapse
Prevention for the BSE-2.

2431

Any rehabilitation program that does not fully address
the lateral-force-resisting capacity of the complete
structure is termed Partial Rehabilitation. The portion of
the structure that is addressed in Partial Rehabilitation
should be designed for a target Rehabilitation Objective
and planned so that additional rehabilitation could be

» Indirectly, by having the design controlled by some
other selected Performance Level and hazard that
will provide better than BSO performance at the
BSE-1 or BSE-2. For example, if providing
Immediate Occupancy for a 50%/50 year event
controlled the rehabilitation acceptability criteria in
such a way that deformation demand were less than
that allowed by the BSO, the design would be
considered to have an Enhanced Objective.

The Guidelinesdo not incorporate Enhanced

2432
Reduced Rehabilitation programs address the entire

concept of variable Performance Levels both in the
Guidelinesand theCommentary.

Limited Rehabilitation Objectives

The rehabilitation measures do not create a
structural irregularity or make an existing structural
irregularity more severe;

The rehabilitation measures do not result in a
reduction in the capability of the structure to resist
lateral forces or deformations;

The rehabilitation measures do not result in an
increase in the seismic forces to any component that
does not have adequate capacity to resist these
forces, unless this component’s behavior is still
acceptable considering overall structural
performance;

All new or rehabilitated structural elements are
detailed and connected to the existing structure, as
required by th&uidelines

An unsafe condition is not created or made more
severe by the rehabilitation measures; and

Locally adopted and enforced building regulations
do not preclude such rehabilitation.

Partial Rehabilitation

performed later to meet fully that objective.

Reduced Rehabilitation

Rehabilitation Objectives in any formal procedure, but building’s lateral-force-resisting capacity, but not at the

the definition is included to facilitate discussion of the

levels required for the BSO. Reduced Rehabilitation

Seismic Rehabilitation Guidelines

FEMA 273



Chapter 2: General Requirements
(Simplified and Systematic Rehabilitation)

may be designed for one or more of the following three Structural Performance Levels defined in these
objectives: Guidelineshave been selected to correlate with the most
commonly specified structural performance
» Life Safety Performance Level (3-C) for earthquake requirements. The two Structural Performance Ranges
demands that are less severe (more probable) than permit users with other requirements to customize their
the BSE-1 building Rehabilitation Objectives.

» Collapse Prevention Performance Level (5-E) for  The Structural Performance Levels are the Immediate
earthquake demands that are less severe (more  Occupancy Level (S-1), the Life Safety Level (S-3), and
probable) than the BSE-2 the Collapse Prevention Level (S-5). Table 2-4 relates

these Structural Performance Levels to the limiting

* Performance Levels 4-C, 4-D, 4-E, 5-C, 5-D, 5-E, damage states for common vertical elements of lateral-
6-D, or 6-E for BSE-1 or less severe (more probable)force-resisting systems. Table 2-5 relates these
earthquake demands Structural Performance Levels to the limiting damage

states for common horizontal elements of building

25 Performance Levels Iateral-_force-res_,isting systems. Later sections of these

: Guidelinesspecify design parameters (suchras

Building performance is a combination of the factors, component capacities, and inelastic

performance of both structural and nonstructural deformation demands) recommended as limiting values

components. Table 2-3 describes the overall levels of for calculated structural deformations and stresses for

structural and nonstructural damage that may be different construction components, in order to attain
expected of buildings rehabilitated to the levels defined these Structural Performance Levels for a known

in theGuidelines For comparative purposes, the earthquake demand.

estimated performance of a new building subjected to
the BSE-1 level of shaking is indicated. These
performance descriptions are estimates rather than
precise predictions, and variation among buildings of
the same Performance Level must be expected.

The drift values given in Table 2-4 are typical values
provided to illustrate the overall structural response
associated with various performance levels. They are
not provided in these tables as drift limit requirements
of theGuidelines and they do not supersede the

Independent performance definitions are provided for SPecific drift limits or related component or element
structural and nonstructural components. Structural ~ deformation limits that are specified in Chapters 5
performance levels are identified in th&eidelinesoy ~ through 9, and 11. The expected post-earthquake state
both a name and numerical designator (following S-) in of the buildings described in these tables is for design
Section 2.5.1. Nonstructural performance levels are  PUrposes and should not be used in the post-earthquake
identified by a name and alphabetical designator safety evaluation process.

(following N-) in Section 2.5.2.
The Structural Performance Ranges are the Damage

Control Range (S-2) and the Limited Safety Range (S-
4). Specific acceptance criteria are not provided for
design to these intermediate performance ranges. The
Three discrete Structural Performance Levels and two engineer wishing to design for such performance needs

251 Structural Performance Levels and
Ranges

intermediate Structural Performance Ranges are to determine appropriate acceptance criteria.

defined. Acceptance criteria, which relate to the Acceptance criteria for performance within the Damage
permissible earthquake-induced forces and Control Range may be obtained by interpolating the
deformations for the various elements of the building, acceptance criteria provided for the Immediate

both existing and new, are tied directly to these Occupancy and Life Safety Performance Levels.
Structural Performance Ranges and Levels. Acceptance criteria for performance within the Limited

Safety Range may be obtained by interpolating the
A wide range of structural performance requirements acceptance criteria for performance within the Life
could be desired by individual building owners. The  Safety and Collapse Prevention Performance Levels.
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2511 Immediate Occupancy Performance

Level (S-1)
Structural Performance Level S-1, Immediate

2514 Damage Control Performance Range

(S-2)
Structural Performance Range S-2, Damage Control,

Occupancy, means the post-earthquake damage state ineans the continuous range of damage states that entail

which only very limited structural damage has

less damage than that defined for the Life Safety level,

occurred. The basic vertical-, and lateral-force-resistingbut more than that defined for the Immediate

systems of the building retain nearly all of their pre-
earthquake strength and stiffness. The risk of life-
threatening injury as a result of structural damage is
very low, and although some minor structural repairs
may be appropriate, these would generally not be
required prior to reoccupancy.

2512

Structural Performance Level S-3, Life Safety, means
the post-earthquake damage state in which significant

Life Safety Performance Level (S-3)

Occupancy level. Design for Damage Control
performance may be desirable to minimize repair time
and operation interruption; as a partial means of
protecting valuable equipment and contents; or to
preserve important historic features when the cost of
design for Immediate Occupancy is excessive.
Acceptance criteria for this range may be obtained by
interpolating between the values provided for the
Immediate Occupancy (S-1) and Life Safety (S-3)
levels.

damage to the structure has occurred, but some margi .
against either partial or total structural collapse remainsr.'bf"l'5 I(_érm;ed Safety Performance Range

Some structural elements and components are severely

damaged, but this has not resulted in large falling debrisStructural Performance Range S-4, Limited Safety,
hazards, either within or outside the building. Injuries means the continuous range of damage states between

may occur during the earthquake; however, it is
expected that the overall risk of life-threatening injury
as a result of structural damage is low. It should be

the Life Safety and Collapse Prevention levels. Design
parameters for this range may be obtained by
interpolating between the values provided for the Life

possible to repair the structure; however, for economic Safety (S-3) and Collapse Prevention (S-5) levels.

reasons this may not be practical. While the damaged
structure is not an imminent collapse risk, it would be
prudent to implement structural repairs or install
temporary bracing prior to reoccupancy.

2513 Collapse Prevention Performance
Level (S-5)

25.1.6 Structural Performance Not

Considered (S-6)

Some owners may desire to address certain
nonstructural vulnerabilities in a rehabilitation
program—for example, bracing parapets, or anchoring
hazardous materials storage containers—without

Structural Performance Level S-5, Collapse Prevention,addressing the performance of the structure itself. Such

means the building is on the verge of experiencing
partial or total collapse. Substantial damage to the

rehabilitation programs are sometimes attractive
because they can permit a significant reduction in

structure has occurred, potentially including significant seismic risk at relatively low cost. The actual

degradation in the stiffness and strength of the lateral-
force-resisting system, large permanent lateral
deformation of the structure, and—to a more limited
extent—degradation in vertical-load-carrying capacity.
However, all significant components of the gravity-
load-resisting system must continue to carry their
gravity load demands. Significant risk of injury due to
falling hazards from structural debris may exist. The
structure may not be technically practical to repair and

is not safe for reoccupancy, as aftershock activity could

induce collapse.

performance of the structure with regardoidelines
requirements is not known and could range from a
potential collapse hazard to a structure capable of
meeting the Immediate Occupancy Performance Level.

2.5.2

Four Nonstructural Performance Levels are defined in
theseGuidelinesand are summarized in Tables 2-6
through 2-8. Nonstructural components addressed in
these performance levels include architectural
components, such as partitions, exterior cladding, and
ceilings; and mechanical and electrical components,
including HVAC systems, plumbing, fire suppression
systems, and lighting. Occupant contents and

Nonstructural Performance Levels
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furnishings (such as inventory and computers) are
included in these tables for some levels but are
generally not covered with specifizuidelines
requirements. Design procedures and acceptance
criteria for rehabilitation of nonstructural components
to the Life Safety Performance Level are contained in

systems in the building are structurally secured and
should be able to function if necessary utility service is
available. However, some components may experience
misalignments or internal damage and be nonoperable.
Power, water, natural gas, communications lines, and
other utilities required for normal building use may not

Chapter 11. General guidance only is provided for otherbe available. The risk of life-threatening injury due to

performance levels.

2521
Nonstructural Performance Level A, Operational,

Operational Performance Level (N-A)

nonstructural damage is very low.

25.2.3 Life Safety Level (N-C)
Nonstructural Performance Level C, Life Safety, is the

means the post-earthquake damage state of the buildingost-earthquake damage state in which potentially

in which the nonstructural components are able to
support the building’s intended function. At this level,
most nonstructural systems required for normal use of
the building—including lighting, plumbing, HVAC, and
computer systems—are functional, although minor

significant and costly damage has occurred to
nonstructural components but they have not become
dislodged and fallen, threatening life safety either
within or outside the building. Egress routes within the
building are not extensively blocked, but may be

cleanup and repair of some items may be required. Thismpaired by lightweight debris. HVAC, plumbing, and
performance level requires considerations beyond thosdire suppression systems may have been damaged,

that are normally within the sole province of the
structural engineer. In addition to assuring that
nonstructural components are properly mounted and
braced within the structure, in order to achieve this

resulting in local flooding as well as loss of function.
While injuries may occur during the earthquake from
the failure of nonstructural components, it is expected
that, overall, the risk of life-threatening injury is very

performance it is often necessary to provide emergencyiow. Restoration of the nonstructural components may

standby utilities. In addition, it may be necessary to
perform rigorous qualification testing of the ability of
key electrical and mechanical equipment items to
function during or after strong shaking.

Specific design procedures and acceptance criteria for
this performance level are not included in the
Guidelines Users wishing to design for this
performance level will need to refer to appropriate
criteria from other sources, such as equipment
manufacturers’ data, to ensure the performance of
mechanical and electrical systems.

25.2.2

Nonstructural Performance Level B, Immediate
Occupancy, means the post-earthquake damage state
which only limited nonstructural damage has occurred.
Basic access and life safety systems, including doors,
stairways, elevators, emergency lighting, fire alarms,
and suppression systems, remain operable, provided
that power is available. There could be minor window
breakage and slight damage to some components.
Presuming that the building is structurally safe, it is
expected that occupants could safely remain in the
building, although normal use may be impaired and
some cleanup and inspection may be required. In
general, components of mechanical and electrical

Immediate Occupancy Level (N-B)

take extensive effort.

2524 Hazards Reduced Level (N-D)

Nonstructural Performance Level D, Hazards Reduced,
represents a post-earthquake damage state level in
which extensive damage has occurred to nonstructural
components, but large or heavy items that pose a falling
hazard to a number of people—such as parapets,
cladding panels, heavy plaster ceilings, or storage
racks— are prevented from falling. While isolated
serious injury could occur from falling debris, failures
that could injure large numbers of persons—either
inside or outside the structure—should be avoided.
Exits, fire suppression systems, and similar life-safety
issues are not addressed in this performance level.

in
2525 Nonstructural Performance Not
Considered (N-E)

In some cases, the decision may be made to rehabilitate
the structure without addressing the vulnerabilities of
nonstructural components. It may be desirable to do this
when rehabilitation must be performed without
interruption of building operation. In some cases, it is
possible to perform all or most of the structural
rehabilitation from outside occupied building areas,
while extensive disruption of normal operation may be
required to perform nonstructural rehabilitation. Also,

FEMA 273

Seismic Rehabilitation Guidelines

2-9



Chapter 2: General Requirements
(Simplified and Systematic Rehabilitation)

since many of the most severe hazards to life safety equipment. Therefore, although immediate reoccupancy
occur as a result of structural vulnerabilities, some of the building is possible, it may be necessary to
municipalities may wish to adopt rehabilitation perform some cleanup and repair, and await the
ordinances that require structural rehabilitation only.  restoration of utility service, before the building could

function in a normal mode. The risk to life safety at this
253 Building Performance Levels performance level is very low.

Building Performance Levels are obtained by
combining Structural and Nonstructural Performance
Levels. A large number of combinations is possible.
Each Building Performance Level is designated alpha-
numerically with a numeral representing the Structural

Performance Level and a letter representing the shaking. This level provides most of the protection
Nonstructural Performance Level (e.g. 1-B, 3-C). obtained under the Operational Level, without the cost

Table 2-9 indicates the possible combinations and  f providing standby utilities and performing rigorous
provides names for those that are most likely to be  gejgmic qualification of equipment performance.
selected as a basis for design. Several of the more

common Building Performance Levels are described 5533 Life Safety Level (3-C)
below.

Many building owners may wish to achieve this level of
performance when the building is subjected to moderate
levels of earthquake ground motion. In addition, some
owners may desire such performance for very important
buildings, under severe levels of earthquake ground

This Building Performance Level is a combination of
2531 Operational Level (1-A) the Structural and Nonstructural Life Safety levels.
. . . L Buildings meeting this level may experience extensive
This Building Performance Level is a combination of damage to structural and nonstructural components.

the Structural Immediate Occupancy Level and the Repairs may be required before reoccupancy of the
Nonstructural Operational Level. Buildings meeting building occurs, and repair may be deemed

this performance level are expected to sustain minimal ¢conomically impractical. The risk to life in buildings
or no damage to their structural and nonstructural meeting this performance level is low.

components. The building is suitable for its normal
occupancy and use, although possibly in a slightly This performance level entails somewhat more damage

impaired mode, with power, water, and other required {na anticipated for new buildings that have been
utilities provided from emergency sources, and poss'blyproperly designed and constructed for seismic

with some nonessential systems not functioning. resistance when subjected to their design earthquakes.
Buildings meeting this performance level pose an Many building owners will desire to meet this
extremely low risk to life safety. performance level for a severe level of ground shaking.
Under very low levels of earthquake ground motion, 5534 Collapse Prevention Level (5-E)

most buildings should be able to meet or exceed this _ o _
performance level. Typically, however, it will not be ~ This Building Performance Level consists of the
economically practical to design for this performance Structural Collapse Prevention Level with no

under severe levels of ground shaking, except for consideration of nonstructural vulnerabilities, except

buildings that house essential services. that parapets and heavy appendages are rehabilitated.
Buildings meeting this performance level may pose a

2532 Immediate Occupancy Level (1-B) significant hazard to life safety resulting from failure of

. . . L nonstructural components. However, because the
This Building Performance Level is a combination of building itself does not collapse, gross loss of life

the Structural and Nonstructural Inmediate Occupancyghqy|d be avoided. Many buildings meeting this level
levels. Buildings meeting this performance level are il pe complete economic losses.
expected to sustain minimal or no damage to their

structural elements and only minor damage to their g |evel has sometimes been selected as the basis for
nonstructural components. While it would be safe o yandatory seismic rehabilitation ordinances enacted by
reoccupy a building meeting this performance level 1 nicipalities, as it results in mitigation of the most

immediately following a major earthquake, _ severe life-safety hazards at relatively low cost.
nonstructural systems may not function due to either a

lack of electrical power or internal damage to
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Table 2-3

Damage Control and Building Performance Levels

Building Performance Levels

Immediate
Collapse Prevention Life Safety Occupancy Operational
Level Level Level Level
Overall Damage Severe Moderate Light Very Light

General Little residual stiffness | Some residual No permanent drift. No permanent drift;
and strength, but load- | strength and stiffness Structure substantially | structure substantially
bearing columns and left in all stories. retains original retains original
walls function. Large Gravity-load-bearing strength and stiffness. | strength and stiffness.
permanent drifts. elements function. No Minor cracking of Minor cracking of
Some exits blocked. out-of-plane failure of facades, partitions, facades, partitions,
Infills and unbraced walls or tipping of and ceilings as well as | and ceilings as well as
parapets failed or at parapets. Some structural elements. structural elements. All
incipient failure. permanent drift. Elevators can be systems important to
Building is near Damage to partitions. restarted. Fire normal operation are
collapse. Building may be protection operable. functional.

beyond economical
repair.

Nonstructural Extensive damage. Falling hazards Equipment and Negligible damage

components mitigated but many contents are generally | occurs. Power and

architectural,
mechanical, and
electrical systems are
damaged.

secure, but may not
operate due to
mechanical failure or
lack of utilities.

other utilities are
available, possibly
from standby sources.

Comparison with
performance intended
for buildings designed,
under the NEHRP
Provisions, for the
Design Earthquake

Significantly more
damage and greater
risk.

Somewhat more
damage and slightly
higher risk.

Much less damage
and lower risk.

Much less damage
and lower risk.

Table 2-4 Structural Performance Levels and Damage 1__Vertical Elements
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Concrete Frames Primary Extensive cracking and Extensive damage to Minor hairline cracking.

hinge formation in ductile
elements. Limited
cracking and/or splice
failure in some nonductile
columns. Severe damage
in short columns.

beams. Spalling of cover
and shear cracking (< 1/8"
width) for ductile columns.
Minor spalling in
nonductile columns. Joint
cracks < 1/8" wide.

Limited yielding possible
at a few locations. No
crushing (strains below
0.003).

Secondary Extensive spalling in Extensive cracking and Minor spalling in a few
columns (limited hinge formation in ductile places in ductile columns
shortening) and beams. elements. Limited and beams. Flexural
Severe joint damage. cracking and/or splice cracking in beams and
Some reinforcing buckled. | failure in some nonductile | columns. Shear cracking

columns. Severe damage | in joints < 1/16" width.
in short columns.

Drift2 4% transient 2% transient; 1% transient;

or permanent

1% permanent

negligible permanent
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Table 2-4 Structural Performance Levels and Damage 1—Vertical Elements (continued)
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Steel Moment Frames | Primary Extensive distortion of Hinges form. Local Minor local yielding at a
beams and column buckling of some beam few places. No fractures.
panels. Many fractures at | elements. Severe joint Minor buckling or
moment connections, but | distortion; isolated observable permanent
shear connections remain | moment connection distortion of members.
intact. fractures, but shear
connections remain intact.
A few elements may
experience partial
fracture.
Secondary Same as primary. Extensive distortion of Same as primary.
beams and column
panels. Many fractures at
moment connections, but
shear connections remain
intact.
Drift2 5% transient 2.5% transient; 0.7% transient;
or permanent 1% permanent negligible permanent
Braced Steel Frames Primary Extensive yielding and Many braces yield or Minor yielding or buckling
buckling of braces. Many buckle but do not totally of braces.
braces and their fail. Many connections
connections may fail. may fail.
Secondary Same as primary. Same as primary. Same as primary.
Drift? 2% transient 1.5% transient; 0.5% transient;
or permanent 0.5% permanent negligible permanent
Concrete Walls Primary Major flexural and shear Some boundary element Minor hairline cracking of
cracks and voids. Sliding distress, including limited | walls, < 1/16" wide.
at joints. Extensive buckling of reinforcement. | Coupling beams
crushing and buckling of Some sliding at joints. experience cracking
reinforcement. Failure Damage around < 1/8" width.
around openings. Severe | openings. Some crushing
boundary element and flexural cracking.
damage. Coupling beams | Coupling beams:
shattered and virtually extensive shear and
disintegrated. flexural cracks; some
crushing, but concrete
generally remains in
place.
Secondary Panels shattered and Major flexural and shear Minor hairline cracking of
virtually disintegrated. cracks. Sliding at joints. walls. Some evidence of
Extensive crushing. sliding at construction
Failure around openings. joints. Coupling beams
Severe boundary element | experience cracks < 1/8"
damage. Coupling beams | width. Minor spalling.
shattered and virtually
disintegrated.
Drift2 2% transient 1% transient; 0.5% transient;

or permanent

0.5% permanent

negligible permanent
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Table 2-4 Structural Performance Levels and Damage 1—Vertical Elements (continued)
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Unreinforced Masonry | Primary Extensive cracking and Extensive cracking and Minor (<1/8" width)
Infill Walls3 crushing; portions of face | some crushing but wall cracking of masonry infills
course shed. remains in place. No and veneers. Minor
falling units. Extensive spalling in veneers at a
crushing and spalling of few corner openings.
veneers at corners of
openings.
Secondary Extensive crushing and Same as primary. Same as primary.
shattering; some walls
dislodge.
Drift2 0.6% transient 0.5% transient; 0.1% transient;
or permanent 0.3% permanent negligible permanent
Unreinforced Primary Extensive cracking; face Extensive cracking. Minor (< 1/8" width)
Masonry (Noninfill) course and veneer may Noticeable in-plane cracking of veneers.
Walls peel off. Noticeable in- offsets of masonry and Minor spalling in veneers
plane and out-of-plane minor out-of-plane offsets. | at a few corner openings.
offsets. No observable out-of-
plane offsets.
Secondary Nonbearing panels Same as primary. Same as primary.
dislodge.
Drift2 1% transient 0.6% transient; 0.3% transient;
or permanent 0.6% permanent 0.3% permanent
Reinforced Masonry Primary Crushing; extensive Extensive cracking Minor (< 1/8" width)
Walls cracking. Damage around | (< 1/4") distributed cracking. No out-of-plane
openings and at corners. throughout wall. Some offsets.
Some fallen units. isolated crushing.
Secondary Panels shattered and Crushing; extensive Same as primary.
virtually disintegrated. cracking; damage around
openings and at corners;
some fallen units.
Drift2 1.5% transient 0.6% transient; 0.2% transient;
or permanent 0.6% permanent 0.2% permanent
Wood Stud Walls Primary Connections loose. Nails Moderate loosening of Distributed minor hairline
partially withdrawn. Some | connections and minor cracking of gypsum and
splitting of members and splitting of members. plaster veneers.
panels. Veneers
dislodged.
Secondary Sheathing sheared off. Connections loose. Nails Same as primary.
Let-in braces fractured partially withdrawn. Some
and buckled. Framing split | splitting of members and
and fractured. panels.
Drift2 3% transient 2% transient; 1% transient;

or permanent

1% permanent

0.25% permanent
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Table 2-4 Structural Performance Levels and Damage 1—Vertical Elements (continued)
Structural Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Elements Type S-5 S-3 S-1
Precast Concrete Primary Some connection failures | Local crushing and Minor working at
Connections but no elements spalling at connections, connections; cracks
dislodged. but no gross failure of < 1/16" width at
connections. connections.
Secondary Same as primary. Some connection failures Minor crushing and
but no elements spalling at connections.
dislodged.
Foundations General Major settlement and Total settlements < 6" and | Minor settlement and
tilting. differential settlements < negligible tilting.
1/2"in 30 ft.

1. The damage states indicated in this table are provided to allow an understanding of the severity of damage that meadbey sssiaus structural
elements when present in structures meeting the definitions of the Structural Performance Levels. These damage statesdeé fuotuse in post-
earthquake evaluation of damage nor for judging the safety of, or required level of repair to, a structure following akearthqu

2. The drift values, differential settlements, and similar quantities indicated in these tables are not intended to beceptahas ariteria for evaluating
the acceptability of a rehabilitation design in accordance with the analysis procedures provided3nitdeses rather, they are indicative of the range
of drift that typical structures containing the indicated structural elements may undergo when responding within the varnoaspe levels. Drift
control of a rehabilitated structure may often be governed by the requirements to protect nonstructural components. kvetptdifmindation
settlement or movement are highly dependent on the construction of the superstructure. The values indicated are intgunalédtteebdescriptions
of the approximate behavior of structures meeting the indicated levels.

3. For limiting damage to frame elements of infilled frames, refer to the rows for concrete or steel frames.

Table 2-5 Structural Performance Levels and Damage—Horizontal Elements
Performance Levels
Collapse Prevention Life Safety Immediate Occupancy
Element S-5 S-3 S-1

Metal Deck Diaphragms

Large distortion with buckling
of some units and tearing of

many welds and seam
attachments.

Some localized failure of
welded connections of deck
to framing and between
panels. Minor local buckling
of deck.

Connections between deck
units and framing intact.
Minor distortions.

Wood Diaphragms

Large permanent distortion
with partial withdrawal of
nails and extensive splitting
of elements.

Some splitting at
connections. Loosening of
sheathing. Observable
withdrawal of fasteners.
Splitting of framing and
sheathing.

No observable loosening or
withdrawal of fasteners. No
splitting of sheathing or
framing.

Concrete Diaphragms

Extensive crushing and
observable offset across
many cracks.

Extensive cracking (< 1/4"
width). Local crushing and
spalling.

Distributed hairline cracking.
Some minor cracks of larger
size (< 1/8” width).

Precast Diaphragms

Connections between units
fail. Units shift relative to
each other. Crushing and
spalling at joints.

Extensive cracking (< 1/4”
width). Local crushing and
spalling.

Some minor cracking along
joints.
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Table 2-6 Nonstructural Performance Levels and Damage—Architectural Components
Nonstructural Performance Levels
Hazards Reduced Life Safety Immediate Operational
Component Level N-D N-C Occupancy N-B N-A
Cladding Severe damage to Severe distortion in Connections yield; Connections yield;
connections and connections. minor cracks (< 1/16" minor cracks (< 1/16"
cladding. Many panels | Distributed cracking, width) or bending in width) or bending in
loosened. bending, crushing,and | cladding. cladding.
spalling of cladding
elements. Some
fracturing of cladding,
but panels do not fall.
Glazing General shattered Extensive cracked Some cracked panes; Some cracked panes;
glass and distorted glass; little broken none broken. none broken
frames. Widespread glass.
falling hazards.
Partitions Severe racking and Distributed damage; Cracking to about Cracking to about
damage in many some severe cracking, | 1/16" width at 1/16" width at
cases. crushing, and racking openings. Minor openings. Minor
in some areas. crushing and cracking | crushing and cracking
at corners. at corners.
Ceilings Most ceilings Extensive damage. Minor damage. Some Generally negligible

damaged. Light
suspended ceilings
dropped. Severe
cracking in hard
ceilings.

Dropped suspended
ceiling tiles. Moderate
cracking in hard
ceilings.

suspended ceiling tiles
disrupted. A few
panels dropped. Minor
cracking in hard
ceilings.

damage. Isolated
suspended panel
dislocations, or cracks
in hard ceilings.

Parapets and
Ornamentation

Extensive damage;
some fall in
nonoccupied areas.

Extensive damage;
some falling in
nonoccupied areas.

Minor damage.

Minor damage.

Canopies & Marquees

Extensive distortion.

Moderate distortion.

Minor damage.

Minor damage.

Chimneys & Stacks

Extensive damage. No
collapse.

Extensive damage. No
collapse.

Minor cracking.

Negligible damage.

Stairs & Fire Escapes

Extensive racking.
Loss of use.

Some racking and
cracking of slabs,
usable.

Minor damage.

Negligible damage.

Light Fixtures

Extensive damage.
Falling hazards occur.

Many broken light
fixtures. Falling
hazards generally
avoided in heavier
fixtures (> 20 pounds).

Minor damage. Some
pendant lights broken.

Negligible damage.

Doors

Distributed damage.
Many racked and
jammed doors.

Distributed damage.
Some racked and
jammed doors.

Minor damage. Doors
operable.

Minor damage. Doors
operable.
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Table 2-7 Nonstructural Performance Levels and Damage—Mechanical, Electrical, and Plumbing
Systems/Components
Nonstructural Performance Levels
Hazards Reduced Life Safety Immediate Operational
System/Component N-D N-C Occupancy N-B N-A
Elevators Elevators out of Elevators out of Elevators operable; Elevators operate.
Service; Service; can be started when

counterweights off
rails.

counterweights do not
dislodge.

power available.

HVAC Equipment

Most units do not
operate; many slide or
overturn; some
suspended units fall.

Units shift on
supports, rupturing
attached ducting,
piping, and conduit,
but do not fall.

Units are secure and
most operate if power
and other required
utilities are available.

Units are secure and
operate; emergency
power and other
utilities provided, if
required.

Ducts Ducts break loose of Minor damage at joints | Minor damage at Negligible damage.
equipment and of sections and joints, but ducts
louvers; some attachment to remain serviceable.
supports fail; some equipment; some
ducts fall. supports damaged,
but ducts do not fall.
Piping Some lines rupture. Minor damage at Minor leaks develop at | Negligible damage.

Some supports fail.
Some piping falls.

joints, with some
leakage. Some
supports damaged,
but systems remain
suspended.

a few joints.

Fire Sprinkler Systems

Many sprinkler heads
damaged by
collapsing ceilings.
Leaks develop at
couplings. Some
branch lines fail.

Some sprinkler heads
damaged by swaying
ceilings. Leaks
develop at some
couplings.

Minor leakage at a few
heads or pipe joints.
System remains
operable.

Negligible damage.

Fire Alarm Systems

Ceiling mounted
sensors damaged.
System nonfunctional.

May not function.

System is functional.

System is functional.

Emergency Lighting

Some lights fall.
Power may not be
available.

System is functional.

System is functional.

System is functional.

Electrical Distribution

Units slide and/or

Units shift on supports

Units are secure and

Units are functional.

Equipment overturn, rupturing and may not operate. generally operable. Emergency power is
attached conduit. Generators provided Emergency provided, as needed.
Uninterruptable Power | for emergency power generators start, but
Source systems fail. start; utility service may not be adequate
Diesel generators do lost. to service all power
not start. requirements.

Plumbing Some fixtures broken; | Some fixtures broken, | Fixtures and lines System is functional.

lines broken; mains
disrupted at source.

lines broken; mains
disrupted at source.

serviceable; however,
utility service may not
be available.

On-site water supply
provided, if required.
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Table 2-8 Nonstructural Performance Levels and Damage—Contents
Nonstructural Performance Levels
Hazards Reduced Immediate
Contents Type N-D Life Safety N-C Occupancy N-B Operational N-A

Computer Systems

Units roll and overturn,
disconnect cables.
Raised access floors
collapse.

Units shift and may
disconnect cables, but
do not overturn. Power
not available.

Units secure and
remain connected.
Power may not be
available to operate,
and minor internal
damage may occur.

Units undamaged and
operable; power
available.

Manufacturing
Equipment

Units slide and
overturn; utilities
disconnected. Heavy
units require
reconnection and
realignment. Sensitive
equipment may not be
functional.

Units slide, but do not
overturn; utilities not
available; some
realignment required
to operate.

Units secure, and
most operable if power
and utilities available.

Units secure and
operable; power and
utilities available.

Desktop Equipment

Units slide off desks.

Some equipment
slides off desks.

Some equipment
slides off desks.

Equipment secured to
desks and operable.

File Cabinets

Cabinets overturn and
spill contents.

Drawers slide open;
cabinets tip.

Drawers slide open,

but cabinets do not tip.

Drawers slide open,
but cabinets do not tip.

Book Shelves

Shelves overturn and
spill contents.

Books slide off
shelves.

Books slide on
shelves.

Books remain on
shelves.

Hazardous Materials

Severe damage; no
large quantity of
material released.

Minor damage;
occasional materials
spilled; gaseous
materials contained.

Negligible damage;
materials contained.

Negligible damage;
materials contained.

Art Objects Objects damaged by Objects damaged by Some objects may be Objects undamaged.
falling, water, dust. falling, water, dust. damaged by falling.
Table 2-9 Building Performance Levels/Ranges
Structural Performance Levels/Ranges
Nonstructural
Performance S-1 Immediate | S-2 Damage S-3 Life Safety | S-4 Limited S-5 Collapse S-6 Not
Levels Occupancy Control Range Safety Range Prevention Considered
N-A Operational 2-A Not Not Not Not
Operational 1-A recommended recommended recommended recommended
N-B Immediate | Immediate 2-B 3-B Not Not Not
Occupancy Occupancy 1-B recommended recommended recommended
N-C Life Safety | 1-C 2-C Life Safety 3-C | 4-C 5-C 6-C
N-D Hazards Not 2-D 3-D 4-D 5-D 6-D
Reduced recommended
N-E Not Not Not Not 4-E 5-E Collapse No
Considered recommended | recommended | recommended Prevention rehabilitation
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2.6 second) and long-period (1 second) response distributed
o with theGuidelinescan be used directly with the

The most common and significant cause of earthquake General Procedure of Section 2.6.1 for developing

damage to buildings is ground shaking; thus, the effectsjesign response spectra for either or both the BSE-1 and

of ground shaking form the basis for most building code BSE-2, or for earthquakes of any desired probability of

requirements for seismic design. As stated in exceedance. Alternatively, other maps and other

Section 2.4, two levels of earthquake shaking hazard procedures can be used, provided that 5%-damped

are used to satisfy the BSO for the&gidelines These  response spectra are developed that represent the

are termed Basic Safety Earthquake 1 (BSE-1) and  ground shaking for the desired earthquake return

Basic Safety Earthquake 2 (BSE-2). BSE-2 earthquakeperiod, and the site soil classification is considered. In

ground shaking, also termed Maximum Considered  the Site-Specific Procedure, ground shaking hazard is

Earthquake (MCE) ground shaking, is similar to that  determined using a specific study of the faults and

defined for the MCE in the 1I9NEHRP seismic source zones that may affect the site, as well as

Recommended Provisio(BSSC, 1997). In most areas evaluation of the regional and geologic conditions that

of the United States, BSE-2 earthquake ground motion affect the character of the site ground motion caused by

Seismic Hazard

has a 2% probability of exceedance in 50 years (2%/ events occurring on these faults and sources.

50 year). In regions close to known faults with

signifi_cant sli_p rates and characteristic earthquakes withThe General Procedure may be used for any building.
magnitudes in excess of about 6.0, the BSE-2 ground The Site-Specific Procedure may also be used for any
shaking is limited by a conservative estimate (150% of puilding and should be considered where any of the

the median attenuation) of the shaking likely to be
experienced as a result of such a characteristic event.
Ground shaking levels determined in this manner will «
typically correspond to a probability of exceedance that
is greater than 2% in 50 years. The BSE-1 earthquake is
similar, but not identical to the concept of a design .
earthquake contained in thEEHRP Provisionslt is

defined as that ground shaking having a 10%
probability of exceedance in 50 years (10%/50 year). .
The motions need not exceed those used for new
buildings, defined as 2/3 of the BSE-2 motion.

In addition to the BSE-1 and BSE-2 levels of ground
motion, Rehabilitation Objectives may be formed .
considering earthquake ground shaking hazards with
any defined probability of exceedance, or based on any
deterministic event on a specific fault.

Response spectra are used to characterize earthquake
shaking demand on buildings in tBaidelines Ground
shaking response spectra for use in seismic .
rehabilitation design may be determined in accordance
with either the General Procedure of Section 2.6.1 or
the Site-Specific Procedure of Section 2.6.2. Seismic
zones are defined in Section 2.6.3. Other seismic
hazards (e.g., liquefaction) are discussed in

Section 2.6.4. .
In the General Procedure, ground shaking hazard is
determined from available response spectrum
acceleration contour maps. Maps showing 5%-damped,
response spectrum ordinates for short-period (0.2

following apply:

Rehabilitation is planned to an Enhanced
Rehabilitation Objective, as defined in Section 2.4.2.

The building site is located within 10 kilometers of
an active fault.

The building is located on Type E soils (as defined
in Section 2.6.1.4) and the mapped BSE-2 spectral
response acceleration at short perici} éxceeds

2.0g.

The building is located on Type F soils as defined in
Section 2.6.1.4.

Exception: Wheré&g, determined in accordance

with Section 2.6.1.1, < 0.20g. In these cases, a Type
E soil profile may be assumed.

A time history response analysis of the building will
be performed as part of the design.

Other site-specific seismic hazards that may cause
damage to buildings include:

surface fault rupture
differential compaction of the foundation material

landsliding
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» liquefaction response acceleration parameters from the available
maps, and modify them to the desired hazard level,
» lateral spreading either by logarithmic interpolation or extrapolation,

in accordance with Section 2.6.1.3.
» flooding
5. Obtain design spectral response acceleration
If the potential for any of these, or other, seismic parameters by adjusting the mapped, or modified
hazards exists at a given site, then they also should be  mapped spectral response acceleration parameters
considered in the rehabilitation design, in accordance for site class effects, in accordance with

with Section 2.6.4 and Chapter 4. Section 2.6.1.4.
2.6.1 General Ground Shaking Hazard 6. Using the design spectral response acceleration
Procedure parameters that have been adjusted for site class

: . effects, construct the response spectrum in
The general procedures of this section may be used to  ;-cordance with Section 2.6.1.5.

determine acceleration response spectra for any of the
following hazard levels: 2.6.1.1 BSE-2 and 10%/50 Response

_ Acceleration Parameters
» Basic Safety Earthquake 1 (BSE-1) _ i
The mapped short-period response acceleration

- Basic Safety Earthquake 2 (BSE-2) parameterSs, and mapped response acceleration
parameter at a one-second perigd for BSE-2 ground
« Earthquake with any defined probability of motion hazards may be obtained directly from the maps
exceedance in 50 years distributed with theGuidelines The mapped short-

o _ _ ~period response acceleration param&grnd mapped
Deterministic estimates of earthquake hazard, in which response acceleration parameter at a one-second period,
an acceleration response spectrum is obtained for a S,, for 10%/50 year ground motion hazards may also be

specific magnitude earthquake occurring on a defined . : - .
fault, shall be made using the Site-Specific Proceduresgﬁ%gﬁggrecny from the maps distributed with the

of Section 2.6.2.

ParameterSg andS,; shall be obtained by interpolating

between the values shown on the response acceleration
contour lines on either side of the site, on the
appropriate map, or by using the value shown on the
map for the higher contour adjacent to the site.

The basic steps for determining a response spectrum
under this general procedure are:s

1. Determine whether the desired hazard level
corresponds to one of the levels contained in the
ground shaking hazard maps distributed with the
Guidelines The packagecludes maps for BSE-2
(MCE) ground shaking hazards as well as for
hazards with 10%/50 year exceedance probabilities.The mapped short-period response acceleration

parameterSs, and mapped response acceleration

2. If the desired hazard level corresponds with one of parameter at a one-second pert§gfor BSE-1 ground

the mapped hazard levels, obtain spectral response ghaking hazards shall be taken as the smaller of the
acceleration parameters directly from the maps, in following:

accordance with Section 2.6.1.1.

2.6.1.2 BSE-1 Response Acceleration
Parameters

The values of the paramet&sandS,, respectively,

determined for 10%/50 year ground motion hazards,
in accordance with Section 2.6.1.1.

3. If the desired hazard level is the BSE-1, then obtain )
the spectral response acceleration parameters from
the maps, in accordance with Section 2.6.1.2.

4. If the desired hazard level does not correspond with” Two thirds of the values of the parametBsandS,,

the mapped levels of hazard, then obtain the spectral féspectively, determined for BSE-2 ground motion
hazards, in accordance with Section 2.6.1.1.
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2.6.1.3 Adjustment of Mapped Response

Acceleration Parameters for Other
Probabilities of Exceedance

When the mapped BSE-2 short period response
acceleration paramete; is less than 1.5g, the

modified mapped short period response acceleration
parameterSs, and modified mapped response

acceleration parameter at a one-second pegjodior

probabilities of exceedance between 2%/50 years and
10%/50 years may be determined from the equation:

In@Q) = 1nQ10/50 * [L1nSese-2 — 1nG10/50]

[0.606 1nPg) — 3.73] (2-1)

where:

1n@S)

Natural logarithm of the spectral
acceleration parameter (“i” = “s” for
short period or “i" = 1 for 1 second
period) at the desired probability of
exceedance

Natural logarithm of the spectral
acceleration parameter (“i” = “s” for
short period or “i” = 1 for 1 second
period) at a 10%/50 year exceedance
rate

Natural logarithm of the spectral
acceleration parameter (“i” = “s” for
short period or “i" = 1 for 1 second
period) for the BSE-2 hazard level

Natural logarithm of the mean return
period corresponding to the
exceedance probability of the desired
hazard level

1nS10/50

1n(Sgse-2

1In(PR)

and the mean return peribg at the desired exceedance
probability may be calculated from the equation:

1

P, =
R 0.02 1r( 1~ Pggp)
e

(2-2)

wherePgsis the probability of exceedance in 50 years
of the desired hazard level.

When the mapped BSE-2 short period response
acceleration parametes, is greater than or equal to
1.5g, the modified mapped short period response
acceleration parameteS;, and modified mapped

response acceleration parameter at a one-second period,
S,, for probabilities of exceedance between 2%/50

years and 10%/50 years may be determined from the
equation:

P
S = Sﬁlo/soa_;g (2-3)

whereS, §19/50 andPr are as defined above amdchay
be obtained from Table 2-10.

Table 2-10 and the two following specify five regions,
three of which are not yet specifically defined, namely
Intermountain, Central US, and Eastern US. For states
or areas that might lie near the regional borders, care
will be necessatry.

Table 2-10 Values of Exponent n for
Determination of Response
Acceleration Parameters at Hazard
Levels between 10%/50 years and
2%/50 years; Sites where Mapped
BSE-2 Values of S g = 1.59
Values of Exponent n for
Region Ss S;
California 0.29 0.29
Pacific Northwest 0.56 0.67
Intermountain 0.50 0.60
Central US 0.98 1.09
Eastern US 0.93 1.05

When the mapped BSE-2 short period response
acceleration parameteS, is less than 1.5g, the
modified mapped short period response acceleration
parameterss, and modified mapped response
acceleration parameter at a one-second pesiodor
probabilities of exceedance greater than 10%/50 years
may be determined from Equation 2-3, where the
exponenn is obtained from Table 2-11.

When the mapped BSE-2 short period response
acceleration parametes;, is greater than or equal to

1.5¢g, the modified mapped short period response
acceleration parametes;, and modified mapped

response acceleration parameter at a one-second period,
S,, for probabilities of exceedance greater than 10%/50
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Table 2-11 Values of Exponent n for Table 2-13 Values of F 4 as a Function of Site
Determination of Response Class and Mapped Short-Period
Acceleration Parameters at Spectral Response Acceleration S g
Probabilities of Exceedance Greater
than 10%/50 years; Sites where Mapped Spectral Acceleration at Short Periods ~ Sg
_ < Site
Mapped BSE-2 Values of S s < 1.59 Class Sg=<0.25 Sg=050 Sg=0.75 Sg=1.00 Sg=1.25
Values of Exponent n for A 0.8 0.8 0.8 0.8 0.8
) B 1.0 1.0 1.0 1.0 1.0
Region Ss S;
C 1.2 1.2 1.1 1.0 1.0
California 0.44 0.44
N D 1.6 1.4 1.2 1.1 1.0
Pacific Northwest and 0.54 0.59
Intermountain E 25 17 1.2 0.9 o
Central and Eastern US 0.77 0.80 F b b b b b

NOTE: Use straight-line interpolation for intermediate valueSsof

*  Site-specific geotechnical investigation and dynamic site response

Table 2-12 Values of Exponent n for analyses should be performed.

Determination of Response
Acceleration Parameters at
Probabilities of Exceedance Greater Table 2-14
than 10%/50 years, Sites where

Mapped BSE-2 Values of S 52> 1.5g

Values of F , as a Function of Site
Class and Mapped Spectral
Response Acceleration at One-

Values of Exponent n for Second Period S

Mapped Spectral Acceleration at One-Second Period  S;

Region Ss S; Site
California 0.44 0.44 Class S;<01 S5;=02 S;=03 S5;,=04 S;2050
Pacific Northwest 0.89 0.96 A 0.8 0.8 0.8 0.8 0.8
Intermountain 0.54 0.59 B 1.0 1.0 10 10 1.0
Central US 0.89 0.89 c L7 16 15 14 13
Eastern US 1.25 1.25 D 24 20 18 16 15
E 35 3.2 2.8 2.4 o
years may be determined from Equation 2-3, where the- J J J o o
exponenn is obtained from Table 2-12. NOTE: Use straight-line interpolation for intermediate valueS;of
. . *  Site-specific geotechnical investigation and dynamic site response
2.6.1.4 Adjustment for Site Class analyses should be performed.
The design short-period spectral response acceleration
parameterSyg and the design spectral response site class and the values of the response acceleration
acceleration parameter at one sec&@y4g, shall be parameter§s ands;.
obtained respectively from Equations 2-4 and 2-5 as
follows: Site classes shall be defined as follows:
Sys = Fa Sq (2-4) * Class A Hard rock with measured shear wave

velocity, v > 5,000 ft/sec

Sx1

whereF4 andF,, are site coefficients determined
respectively from Tables 2-13 and 2-14, based on the

F, S (2-5) B
e Class B: Rock with 2,500 ft/sec ¥, <5,000 ft/sec
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e Class C: Very dense soil and soft rock with
1,200 ft/sec< v < 2,500 ft/sec or with either

standard blow couri > 50 or undrained shear

strengths, > 2,000 psf

» Class D: Stiff soil with 600 ft/sec< v, <1,200 ft/

sec or with 15< N <50 or 1,000 ps& s, < 2,000
psf

e Class E: Any profile with more than 10 feet of
soft clay defined as soil with plasticity ind&% >

20, or water content w > 40 percent, a;_(]d <500

psf or a soil profile Withl_s < 600 ft/sec. If

insufficient data are available to classify a soil
profile as type A through D, a type E profile should
be assumed.

e Class F:. Soils requiring site-specific evaluations:

— Soils vulnerable to potential failure or collapse
under seismic loading, such as liquefiable soils,
guick and highly-sensitive clays, collapsible
weakly-cemented soils

where:

N; = SPT blow count in soil layer “i”

n = Number of layers of similar soil materials for
which data is available

d, = Depth of layer “i"

S;i = Undrained shear strength in layer “i”

vsi = Shear wave velocity of the soil in layer “i”

and

n
S d; = 100ft
i=1

(2-7)

Where reliable/g data are available for the site, such
data should be used to classify the site. If such data are
not availableN data should preferably be used for
cohesionless soil sites (sands, gravels),srhta for
cohesive soil sites (clays). For rock in profile classes B
and C, classification may be based either on measured
or estimated values of. Classification of a site as

Class A rock should be based on measuremems of
either for material at the site itself, or for similar rock
materials in the vicinity; otherwise, Class B rock should
be assumed. Class A or B profiles should not be

— Peats and/or highly organic clays (H > 10 feet of assumed to be present if there is more than 10 feet of

peat and/or highly organic clay, where H =
thickness of soil)

— Very high plasticity clays (H > 25 feet with Pl >
75 percent)

— Very thick soft/medium stiff clays (H > 120 feet)

The parameters, N ,arsj  are, respectively, the
average values of the shear wave velocity, Standard

soil between the rock surface and the base of the
building.

26.15

A general, horizontal response spectrum may be
constructed by plotting the following two functions in

the spectral acceleration vs. structural period domain, as
shown in Figure 2-1. Where a vertical response
spectrum is required, it may be constructed by taking
two-thirds of the spectral ordinates, at each period,

General Response Spectrum

Penetration Test (SPT) blow count, and undrained sheapbtained for the horizontal response spectrum.
strength of the upper 100 feet of soils at the site. These

values may be calculated from Equation 2-6, below:

S, = (Sxg’Bg)(0.4+ 3T/ T))

(2-8)
for 0<T<0.2T
n 0
zdi S, = ( /(B{T)) for T>T (2-9)
\75, N,s_u = —1=1 (2-6) 2 = (Sxa 1 0
n
di di di
iglvsi’ N; Sy
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Sa

Sa=(Sys/Bs)(0.4+3TIT,)

S, = Sys/Bs

0

X
%

~

0.4Sys/B

Spectral response acceleration,

Period, T

Figure 2-1 General Response Spectrum

whereT, is given by the equation
T, = (S¢1Bg)/ (S¢sBy) (2-10)

whereBg andB, are taken from Table 2-15.

Table 2-15 Damping Coefficients B gand B ;as a

Function of Effective Damping f3

Effective Damping f3

(percentage of critical) 1 Bs B;
<2 0.8 0.8
5 1.0 1.0

10 1.3 1.2
20 1.8 15
30 2.3 17
40 2.7 1.9

> 50 3.0 2.0

1. The damping coefficient should be based on linear interpolation for

effective damping values other than those given.

In general, it is recommended that a 5% damped
response spectrum be used for the rehabilitation desig
of most buildings and structural systems. Exceptions
are as follows:

For structures without exterior cladding an effective
viscous damping ratiot, of 2% should be
assumed.

For structures with wood diaphragms and a large
number of interior partitions and cross walls that
interconnect the diaphragm levels, an effective
viscous damping ratig3, of 10% may be assumed.

For structures rehabilitated using seismic isolation
technology or enhanced energy dissipation
technology, an equivalent effective viscous damping
ratio, 3, should be calculated using the procedures
contained in Chapter 9.

In Chapter 9 of th&uidelines the analytical

procedures for structures rehabilitated using seismic
isolation and/or energy dissipation technology make
specific reference to the evaluation of earthquake
demands for the BSE-2 and user-specified design
earthquake hazard levels. In that chapter, the
parametersS,y;, Syus Su1, refer respectively to the

value of the spectral response acceleration parameters
S,, Sxg andSy,, evaluated for the BSE-2 hazard level,

and the paramete®&p, Sy, Sy in Chapter 9, refer

respectively to the value of the spectral response
acceleration paramete®g, Sxg andSy,, evaluated for

the user-specified design earthquake hazard level.

2.6.2

Where site-specific ground shaking characterization is
used as the basis of rehabilitation design, the
characterization shall be developed in accordance with
this section.

Site-Specific Ground Shaking Hazard

26.2.1

Development of site-specific response spectra shall be
based on the geologic, seismologic, and soil
characteristics associated with the specific site.
Response spectra should be developed for an equivalent
viscous damping ratio of 5%. Additional spectra should
be developed for other damping ratios appropriate to the
indicated structural behavior, as discussed in

Section 2.6.1.5. When the 5% damped site-specific
spectrum has spectral amplitudes in the period range of
greatest significance to the structural response that are
less than 70 percent of the spectral amplitudes of the
General Response Spectrum, an independent third-party
review of the spectrum should be made by an individual
with expertise in the evaluation of ground maotion.

Site-Specific Response Spectrum
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When a site-specific response spectrum has been
developed and other sections of th€sedelines
require values for the spectral response param&gys,

Sx1, Or T, they may be obtained in accordance with this

section. The value of the design spectral response
acceleration at short periodyg shall be taken as the
response acceleration obtained from the site-specific
spectrum at a period of 0.2 seconds, except that it
should be taken as not less than 90% of the peak

response acceleration at any period. In order to obtain 2.6.3.1

value for the design spectral response acceleration
parametefy,, a curve of the forng, = Sy4/T should be

graphically overlaid on the site-specific spectrum such
that at any period, the value $f obtained from the

curve is not less than 90% of that which would be
obtained directly from the spectrum. The valudgf

shall be determined in accordance with Equation 2-11.
Alternatively, the values obtained in accordance with
Section 2.6.1 may be used for all of these parameters.

Sx1/Sxs

Acceleration Time Histories

T, (2-11)

2.6.2.2

Time-History Analysis shall be performed with no
fewer than three data sets (two horizontal components
or, if vertical motion is to be considered, two horizontal

components and one vertical component) of appropriate2.6.3.3
ground motion time histories that shall be selected and

scaled from no fewer than three recorded events.
Appropriate time histories shall have magnitude, fault
distances, and source mechanisms that are consistent
with those that control the design earthquake ground
motion. Where three appropriate recorded ground-
motion time history data sets are not available,
appropriate simulated time history data sets may be
used to make up the total number required. For each
data set, the square root of the sum of the squares

determine design acceptability. Where seven or more

time history data sets are employed, the average value

of each response parameter may be used to determine
design acceptability.

2.6.3
In theseGuidelines seismicity zones are defined as

Seismicity Zones

follows.

Zones of High Seismicity

Buildings located on sites for which the 10%/50 year,
design short-period response acceleratyg, is equal

to or greater than 0.5g, or for which the 10%/50 year

design one-second period response acceler&jgnis

equal to or greater than 0.2g shall be considered to be
located within zones of high seismicity.

2.6.3.2

Buildings located on sites for which the 10%/50 year,
design short-period response acceleratyg, is equal

to or greater than 0.167g but is less than 0.5g, or for

Zones of Moderate Seismicity

which the 10%/50 year, design one-second period

response acceleratioBy4, is equal to or greater than

0.067g but less than 0.2g shall be considered to be
located within zones of moderate seismicity.

Zones of Low Seismicity

Buildings located on sites that are not located within
zones of high or moderate seismicity, as defined in
Sections 2.6.3.1 and 2.6.3.2, shall be considered to be
located within zones of low seismicity.

2.6.4 Other Seismic Hazards

In addition to ground shaking, seismic hazards can
include ground failure caused by surface fault rupture,
liquefaction, lateral spreading, differential settlement,

(SRSS) of the 5%-damped site-specific spectrum of theand landsliding. Earthquake-induced flooding, due to
scaled horizontal components shall be constructed. Thesunami, seiche, or failure of a water-retaining structure,
data sets shall be scaled such that the average value otan also pose a hazard to a building site. The process of

the SRSS spectra does not fall below 1.4 times the
5%-damped spectrum for the design earthquake for
periods between O0T2seconds and 1Tsseconds (where
T is the fundamental period of the building).

Where three time history data sets are used in the
analysis of a structure, the maximum value of each
response parameter (e.g., force in a member,
displacement at a specific level) shall be used to

rehabilitating a building shall be based on the
understanding that either the site is not exposed to a
significant earthquake-induced flooding hazard or
ground failure, or the site may be stabilized or protected
from such hazards at a cost that is included along with
the other rehabilitation costs. Chapter 4 describes, and
provides guidance for evaluating and mitigating, these
and other on-site and off-site seismic hazards.

2-24

Seismic Rehabilitation Guidelines

FEMA 273



Chapter 2: General Requirements
(Simplified and Systematic Rehabilitation)

2.7 As-Built Information The structural elements and components shall be

o o o . _ ~ identified and categorized as either primary or
EX|st|ng bU|Id|n_g char_act_erlstlcs_pertln_ent to Its seismic Secondary, using the criteria described in Section 2.3,
performance—including its configuration, and the type, with any structural deficiencies potentially affecting

detailing, material strengths, and condition of the seismic performance also identified.
various structural and nonstructural elements, including
foundations and their interconnections—shall be Itis important, in identifying the building configuration,

determined in accordance with this section. The projectto account for both the intended load-resisting elements
calculations should include documentation of these  and components and the effective elements and

characteristics in drawings or photographs, ~ components. The effective load-resisting systems may
supplemented by appropriate descriptive text. Existing include building-code-conforming structural elements,
characteristics of the building and site should be nonconforming structural elements, and those

obtained from the following sources, as appropriate:  nonstructural elements that actually participate in
resisting gravity, lateral, or combined gravity and lateral

* Field observation of exposed conditions and loads, whether or not they were intended to do so by the
configuration original designers. Existing load paths should be
identified, considering the effects of any modifications
* Available construction documents, engineering (e.g., additions, alterations, rehabilitation, degradation)
analyses, reports, soil borings and test logs, since original construction. Potential discontinuities and
maintenance histories, and manufacturers’ literatureweak links should also be identified, as well as
and test data irregularities that may have a detrimental effect on the

_ building’s response to lateral demands. FEMA 178
* Reference standards and codes from the period of (BSSC, 1992) offers guidance for these aspects of
construction as cited in Chapters 5 through 8 building evaluation.

» Destructive and nondestructive examinationand 2.7.2 Component Properties

testing of selected building components ) ] o
Meaningful structural analysis of a building’s probable

the original architect and engineer, contractor(s), andmeasures requires good understanding of the existing

the local building official components (e.g., beams, columns, diaphragms), their
interconnection, and their material properties (strength,
As a minimum, at least one site visit should be deformability, and toughness). The strength and
performed to obtain detailed information regarding ~ deformation capacity of existing components should be
building configuration and condition, site and computed, as indicated in Chapters 4 through 9 and 11,
geotechnical conditions, and any issues related to based on derived material properties and detailed

adjacent structures, and to confirm that the available ~COmponent knowledge. Existing component action
construction documents are generally representative ofStrengths must be determined for two basic purposes: to
existing conditions. If the building is a historic allow calculation of their ability to deliver load to other
structure, it is also important to identify the locations of €lements and components, and to allow determination
historically significant features and fabric. Care should ©Of their capacity to resist forces and deformations.

be taken in the design and investigation process to ) )
minimize the impact of work on these features. Refer to Component deformation capacity must be calculated to

the Secretary of the Interior@tandards for the allow validation of overall element and building
Treatment of Historic Propertieas discussed in deformations and their acceptability for the selected
Chapter 1. Rehabilitation Objectives. In general, component
capacities are calculated as “expected values” that
271 Building Configuration account for the mean material strengths as well as the

probable effects of strain hardening and/or degradation.
The as-built building configuration consists of the type The exception to this is the calculation of strengths used
and arrangement of existing structural elements and o evaluate the adequacy of component force actions
components composing the gravity- and lateral-load-  with little inherent ductility (force-controlled
resisting systems, and the nonstructural components. pehaviors). For these evaluations, lower-bound strength
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estimates—taking into account the possible variation in

material strengths—are used for determination of

capacity. Guidance on how to obtain these expected and
lower-bound values is provided in Chapters 5 through 8

for the commonly used structural materials and
systems.

Knowledge of existing component configuration,
quality of construction, physical condition, and
interconnection to other structural components is
necessary to compute strength and deformation
capacities. This knowledge should be obtained by
visual surveys of condition, destructive and
nondestructive testing, and field measurement of
dimensions, as appropriate. Even with an exhaustive
effort to maximize knowledge, uncertainty will remain

regarding the validity of computed component strength

the condition or as-tested properties of materials,
consideration should be given to grouping those
components with similar condition or properties so
that the coefficient of variation within a group does
not exceed 30%.

» Knowledge of any site-related concerns—such as
pounding from neighboring structures, party wall
effects, and soil or geological problems including
risks of liquefaction—has been gained through field
surveys and research.

» Specific foundation- and material-related concerns
cited in Chapters 4 through 8, as applicable, have
been examined, and knowledge of their influence on
building performance has been gained.

A k value of 1.0 may be used where comprehensive

and deformation capacities. To account for this
uncertainty, a knowledge factax, is utilized in the
capacity evaluations. Two possible values exiskfor
based on the reliability of available knowledge—
classified as either minimum or comprehensive.

When only a minimum level of knowledge is available,
ak value of 0.75 shall be included in component
capacity and deformation analyses. The following
characteristics represent the minimum appropriate level
of effort in gaining knowledge of structural
configuration:

Records of the original construction and any
modifications, including structural and architectural
drawings, are generally available. In the absence of
structural drawings, a set of record drawings and/or
sketches is prepared, documenting both gravity and
lateral systems.

A visual condition survey is performed on the
accessible primary elements and components, with
verification that the size, location, and connection of
these elements is as indicated on the available
documentation.

A limited program of in-place testing is performed,
as indicated in Chapters 5 through 8, to quantify the
material properties, component condition, and
dimensions of representative primary elements with
quantification of the effects of any observable
deterioration. Alternatively, default values provided
in Chapters 5 through 8 are utilized for material
strengths, taking into account the observed condition
of these materials; if significant variation is found in

knowledge and understanding of component
configuration has been obtained. Comprehensive
knowledge may be assumed when all of the following
factors exist:

Original construction records, including drawings
and specifications, as well as any post-construction
modification data, are available and explicitly depict
as-built conditions. Where such documents are not
available, drawings and sketches are developed
based on detailed surveys of the primary structural
elements. Such surveys include destructive and/or
nondestructive investigation as required to
determine the size, number, placement, and type of
obscured items such as bolts and reinforcing bars. In
addition, documentation is developed for
representative secondary elements.

Extensive in-place testing is performed as indicated
in Chapters 4 through 8 to quantify material
properties, and component conditions and
dimensions or records of the results of quality
assurance tests constructed during testing are
available. Coefficients of variability for material
strength test results are less than 20%, or
components are grouped and additional testing is
performed such that the material strength test results
for each group have coefficients of variation within
this limit.

Knowledge of any site-related concerns—such as
pounding from neighboring structures, party wall
effects, and soil or geological problems including
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risks of liquefaction—has been gained from 2.7.4 Adjacent Buildings

thorough visual survey and research efforts. . .
g y Data should be collected on the configuration of

adjacent structures when such structures have the
potential to influence the seismic performance of the
rehabilitated building. Data collected should be
sufficient to permit analysis of the potential interaction
issues identified below, as applicable. In some cases, it
may not be possible to obtain adequate information on
adjacent structures to permit a meaningful evaluation.
In such cases, the owner should be notified of the
potential consequences of these interactions.

» Specific foundation- and material-related concerns
cited in Chapters 4 through 8, as applicable, have
been examined and knowledge of their influence on
building performance has been gained.

Whenever practical, investigation should be sufficiently
thorough to allow the use of a single valuador all
building components and elements. If extenuating
circumstances prevent use of a commaoalue for
certain components, multipkevalues should be used in

the analysis, as appropriate to the available knowledge2/-4-1 ~ Building Pounding

of the individual components. When a nonlinear Data on adjacent structures should be collected to
analysis procedure is employed, the level of permit investigation of the potential effects of building
investigation should be sufficient to allow pounding whenever the side of the adjacent structure is
comprehensive knowledge of the structure=(1.0). located closer to the building than 4% of the building

height above grade at the location of potential impacts.
2.7.3 Site Characterization and
Geotechnical Information Building pounding can alter the basic response of the
building to ground motion, and impart additional
' inertial loads and energy to the building from the
adjacent structure. Of particular concern is the potential
for extreme local damage to structural elements at the
zones of impact. (See Section 2.11.10.)

Data on surface and subsurface conditions at the site
including the configuration of foundations, shall be
obtained for use in building analyses. Data shall be
obtained from existing documents, visual site
reconnaissance, or a program of subsurface
investigation. If adequate geotechnical dataare not 55 45
available from previous investigations, a program of
site-specific subsurface investigation should be Data should be collected on all adjacent structures that
considered for sites in areas subject to liquefaction, ~ share elements in common with the building. Buildings
lateral spreading, or landsliding, and for all buildings ~ sharing common elements, such as party walls, have
with an Enhanced Rehabilitation Objective. Additional Several potential problems. If the buildings attempt to
guidelines for site characterization and subsurface ~ move independently, one building may pull the shared
investigation are contained in Chapter 4. element away from the other, resulting in a partial
collapse. If the buildings behave as an integral unit, the
A site reconnaissance should always be performed. In additional mass and inertial loads of one structure may
the course of this reconnaissance, variances from the result in extreme demands on the lateral-force-resisting
building drawings should be noted. Such variances ~ system of the other. (See Section 2.11.9.)
could include foundation modifications that are not

Shared Element Condition

shown on the existing documentation. Off-site 2743 Hazards from Adjacent Structure
development that should be noted could include Data should be collected on all structures that have the
buildings or grading activities that may impose a load Of hotential to damage the building with falling debris, or
reduce the level of lateral support to the structure. other earthquake-induced physical hazards such as

Indicators of poor foundation perfqrmance_—such as  aggressive chemical leakage, fire, or explosion.
settlements of floor slabs, foundations or sidewalks,

suggesting distress that could affect building Consideration should be given to hardening those
performance during a future earthquake—should be  ortions of the building that may be impacted by debris
noted. or other hazards from adjacent structures. Where

Immediate Occupancy of the building is desired, and
ingress to the building may be impaired by such
hazards, consideration should be given to providing for
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suitably resistant access to the building. Sufficient
information must be collected on adjacent structures to
allow preliminary evaluation of the likelihood and
nature of hazards such as potential falling debris, fire,
and blast pressures. Evaluations similar to those in
FEMA 154,Rapid Visual Screening of Buildings for
Seismic Hazards: A Handbo@KTC, 1988), should be
adequate for this purpose.

2.8 Rehabilitation Methods

The scope of building structural alterations and
modifications required to meet the selected
Rehabilitation Objective shall be determined in
accordance with one of the methods described in this
section. In addition, rehabilitation of historic buildings
should be carefully considered in accordance with the
discussion in Chapter 1.

2.8.1 Simplified Method

The Simplified Method allows for design of building
rehabilitation measures without requiring analyses of
the entire building’s response to earthquake hazards.
This method is not applicable to all buildings and can be
used only to achieve Limited Rehabilitation Objectives
(Section 2.4.3).

The Simplified Method may be used to achieve a
Rehabilitation Objective consisting of the Life Safety
Performance Level (3-C) for a BSE-1 earthquake for
buildings meeting all of the following conditions:

* The building conforms to one of the Model Building
Types indicated in Table 10-1, as well as all
limitations indicated in that table with regard to
number of stories, regularity, and seismic zone; and

A complete evaluation of the building is performed
in accordance with FEMA 178 (BSSC, 1992), and
all deficiencies identified in that evaluation are
addressed by the selected Simplified Rehabilitation
Methods.

Any building may be partially rehabilitated to achieve a
Limited Rehabilitation Objective using the Simplified
Method, subject to the limitations of Section 2.4.3.

The Simplified Method may not be used for buildings
intended to meet the BSO or any Enhanced
Rehabilitation Objectives. For those buildings and other

buildings not meeting the limitations for the Simplified
Method, the Systematic Method shall be used.

2.8.2

Rehabilitation programs for buildings and objectives
that do not qualify for Simplified Rehabilitation under
Section 2.8.1 shall be designed in accordance with this
section. The basic approach shall include the following:

Systematic Method

The structure shall be analyzed to determine if it is
adequate to meet the selected Rehabilitation
Objective(s) and, if it is not adequate, to identify
specific deficiencies. If initial analyses indicate that
key elements or components of the structure do not
meet the acceptance criteria, it may be possible to
demonstrate acceptability by using more detailed
and accurate analytical procedures. Section 2.9
provides information on alternative analytical
procedures that may be used.

One or more rehabilitation strategies shall be
developed to address the deficiencies identified in
the preliminary evaluation. Alternative rehabilitation
strategies are presented in Section 2.10.
* A preliminary rehabilitation design shall be
developed that is consistent with the rehabilitation
strategy.

The structure and the preliminary rehabilitation
measures shall be analyzed to determine whether the
rehabilitated structure will be adequate to meet the
selected Rehabilitation Objective(s).
» The process shall be repeated as required until a
design solution is obtained that meets the selected
Rehabilitation Objective(s), as determined by the
analysis.

Analysis Procedures

An analysis of the structure shall be conducted to
determine the distribution of forces and deformations
induced in the structure by the design ground shaking
and other seismic hazards corresponding with the
selected Rehabilitation Objective(s). The analysis shall
address the seismic demands and the capacity to resist
these demands for all elements in the structure that
either:
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» Are essential to the lateral stability of the structure the earthquake ductility demands on the building are
(primary elements); or suitably low.

» Are essential to the vertical load-carrying integrity 2.9.1.1 Method to Determine Applicability of
of the building; or Linear Procedures

The methodology indicated in this section may be used
o determine whether a building can be analyzed with
ufficient accuracy by linear procedures. The basic

Sapproach is to perform a linear analysis using the loads
defined in either Section 3.3.1 or 3.3.2 and then to
examine the results of this analysis to identify the
magnitude and uniformity of distribution of inelastic
demands on the various components of the primary
lateral-force-resisting elements. The magnitude and
distribution of inelastic demands are indicated by
demand-capacity ratios (DCRSs), as defined below. Note
that these DCRs are not used to determine the
acceptability of component behavior. The adequacy of
structural components and elements must be evaluated
using the procedures contained in Chapter 3, together
with the acceptance criteria provide in Chapters 4
through 8. DCRs are used only to determine a
structure’s regularity. It should be noted that for
complex structures, such as buildings with perforated
shear walls, it may be easier to use one of the nonlinear
procedures than to ensure that the building has
sufficient regularity to permit use of linear procedures.

* Are otherwise critical to meeting the Rehabilitation
Objective and could be subject to damage as a resul
of the building’s response to the earthquake hazard

The analysis procedure shall consist of one of the
following:

* Linear analysis, in accordance with Section 3.3,
including Linear Static Procedure (LSP) (see
Section 3.3.1), and Linear Dynamic Procedure
(LDP) (see Section 3.3.2), including:

— Response Spectrum Analysis (see
Section 3.3.2.2C), and

— Linear Time-History Analysis (see
Section 3.3.2.2D), or

* Nonlinear analysis, in accordance with Section 3.3,
including Nonlinear Static Procedure (NSP) in
Section 3.3.3 and Nonlinear Dynamic Procedure
(NDP) in Section 3.3.4, or

DCRs for existing and added building components shall

* Alternative rational analysis be computed in accordance with the equation:

Limitations with regard to the use of these procedures

are given in Sections 2.9.1, 2.9.2, and 2.9.3. Criteria DCR = Qup (2-12)

used to determine whether the results of an analysis Qce

indicate acceptable performance for the building are

discussed in Section 2.9.4. where:

2.9.1 Linear Procedures Qup = Force calculated in accordance with

Linear procedures may be used for any of the Section 3.4, due to the gravity and

rehabilitation strategies contained in Section 2.10 earthquake loads of Section 3.3

except those strategies incorporating the use of Qce = Expected strength of the component or

supplemental energy dissipation systems and some element, calculated in accordance with

types of seismic isolation systems. For the specific Chapters 5 through 8

analysis procedures applicable to these rehabilitation

strategies, refer to Chapter 9. DCRs should be calculated for each controlling action
_ (such as axial force, moment, shear) of each

The results of the linear procedures can be very component. If all of the computed controlling DCRs for

inaccurate when applied to buildings with highly a component are less than or equal to 1.0, then the

irregular structural systems, unless the building is component is expected to respond elastically to the

capable of responding to the design earthquake(s) in aearthquake ground shaking being evaluated. If one or

nearly elastic manner. Therefore, linear procedures  more of the computed DCRs for a component are
should not be used for highly irregular buildings, unless
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greater than 1.0, then the component is expected to

respond inelastically to the earthquake ground shaking.

The largest DCR calculated for a given component
defines the critical action for the component, i.e., the
mode in which the component will first yield, or fail.

This DCR is termed the critical component DCR. If an
element is composed of multiple components, then the

component with the largest computed DCR is the

critical component for the element, i.e., this will be the

first component in the element to yield, or fail. The
largest DCR for any component in an element at a
particular story is termed the critical element DCR at
that story.

If the DCRs computed for all of the critical actions
(axial force, moment, shear) of all of the components
(such as beams, columns, wall piers, braces, and

connections) of the primary elements are less than 2.0,

then linear procedures are applicable, regardless of
considerations of regularity. If some computed DCRs

system. An out-of-plane discontinuity exists when
an element in one story is offset relative to the
continuation of that element in an adjacent story, as
depicted in Figure 2-3. This limitation need not
apply if the coefficiend in Equation 3-15 is taken
as 1.0.

_ \— Shear wall at

|| ! upper stories

Typical Building with Out-of-Plane Offset
Irregularity

LI

Setback shear wall
at first story

Figure 2-3

exceed 2.0, then linear procedures should not be used if

any of the following apply:

* There is an in-plane discontinuity in any primary
element of the lateral-force-resisting system. In-

plane discontinuities occur whenever a lateral-force-
resisting element is present in one story, but does not

continue, or is offset, in the story immediately
below. Figure 2-2 depicts such a condition. This
limitation need not apply if the coefficiedtn
Equation 3-15 is taken as 1.0.

Nonlateral force-

/ e resistin,
g bay
d

'y

4
R

\ Lateral force-resisting
bay

Figure 2-2 In-Plane Discontinuity in Lateral System

¢ There is an out-of-plane discontinuity in any
primary element of the lateral-force-resisting

» There is a severe weak story irregularity present at
any story in any direction of the building. A severe

weak story irregularity may be deemed to exist if the
ratio of the average shear DCR for any story to that
for an adjacent story in the same direction exceeds
125%. The average DCR for a story may be
calculated by the equation:

Z DCRYV,
DCR= 41 . (2-13)
2V
1
where:
DCR = Average DCR for the story
DCR = Ciritical action DCR for elememt
V = Total calculated lateral shear force in an
element due to earthquake response,
assuming that the structure remains
elastic
n = Total number of elements in the story

For buildings with flexible diaphragms, each line of
framing should be independently evaluated.
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There is a severe torsional strength irregularity
present in any story. A severe torsional strength
irregularity may be deemed to exist in a story when
the diaphragm above the story is not flexible and the
ratio of the critical element DCRs for primary
elements on one side of the center of resistance in a,
given direction for a story, to those on the other side
of the center of resistance for the story, exceeds 1.5.

If the guidelines above indicate that a linear procedure
is applicable, then either the LSP or the LDP may be
used, unless one or more of the following apply, in
which case the LSP should not be used:

2.9.2

The building height exceeds 100 feet.

The ratio of the building’s horizontal dimension at
any story to the corresponding dimension at an
adjacent story exceeds 1.4 (excluding penthouses).

The building is found to have a severe torsional
stiffness irregularity in any story. A severe torsional
stiffness irregularity may be deemed to exist in a
story if the diaphragm above the story is not flexible
and the results of the analysis indicate that the drift
along any side of the structure is more than 150% of
the average story drift. .
The building is found to have a severe vertical mass
or stiffness irregularity. A severe vertical mass or
stiffness irregularity may be deemed to exist when
the average drift in any story (except penthouses)

2921

The NSP may be used for any structure and any
Rehabilitation Objective, with the following exceptions
and limitations.

2922

Nonlinear Static Procedure (NSP)

The NSP should not be used for structures in which
higher mode effects are significant, unless an LDP
evaluation is also performed. To determine if higher
modes are significant, a modal response spectrum
analysis should be performed for the structure using
sufficient modes to capture 90% mass participation,
and a second response spectrum analysis should be
performed considering only the first mode
participation. Higher mode effects should be
considered significant if thgehear in any story
calculated from the modal analysis considering all
modes required to obtain 90% mass participation
exceeds 130% of the corresponding story shear
resulting from the analysis considering only the first
mode response. When an LDP is performed to
supplement an NSP for a structure with significant
higher mode effects, the acceptance criteria values
for deformation-controlled actionm(values),

provided in Chapters 5 through 9, may be increased
by a factor of 1.33.

The NSP should not be used unless comprehensive
knowledge of the structure has been obtained, as
indicated in Section 2.7.2.

Nonlinear Dynamic Procedure (NDP)

exceeds that of the story above or below by more The NDP may be used for any structure and any

than 150%.

Rehabilitation Objective, with the following exceptions

and limitations.

The building has a nonorthogonal lateral-force-
resisting system. .

Nonlinear Procedures

Nonlinear Analysis Procedures may be used for any of
the rehabilitation strategies contained in Section 2.10.
Nonlinear procedures are especially recommended for
analysis of buildings having irregularities as identified
in Section 2.9.1.1. The NSP is mainly suitable for
buildings without significant higher-mode response.
The NDP is suitable for any structure, subject to the
limitations in Section 2.9.2.2.

2.9.3

The NDP is not recommended for use with wood
frame structures.

The NDP should not be utilized unless
comprehensive knowledge of the structure has been
obtained, as indicated in Section 2.7.2.

The analysis and design should be subject to review
by an independent third-party professional engineer
with substantial experience in seismic design and
nonlinear procedures.

Alternative Rational Analysis

Nothing in theGuidelinesshould be interpreted as
preventing the use of any alternative analysis procedure
that is rational and based on fundamental principles of
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engineering mechanics and dynamics. Such alternativethe elastic or plastic ranges between points 1 and 2,
analyses should not adopt the acceptance criteria depending on the Performance Level. Acceptance
contained in th&uidelineswithout careful review as to  criteria for secondary elements can be within any of the
their applicability. All projects using alternative rational ranges. Primary component actions exhibiting this
analysis procedures should be subject to review by an behavior are considered deformation-controlled if the
independent third-party professional engineer with strain-hardening or strain-softening range is sufficiently

substantial experience in seismic design. largee > 2g; otherwise, they are considered force-
controlled. Secondary component actions exhibiting
2.9.4 Acceptance Criteria this behavior are typically considered to be

The Analysis Procedures indicate the building’s deformation-controlled.

response to the design earthquake(s) and the forces a
deformations imposed on the various components, as
well as global drift demands on the structure. When
LSP or LDP analysis is performed, acceptability of
component behavior is evaluated for each of the
component’s various actions using Equation 3-18 for
ductile (deformation-controlled) actions and

Equation 3-19 for nonductile (force-controlled) actions.
Figure 2-4 indicates typical idealized force-deformation
curves for various types of component actions.

nﬂwe type 2 curve is representative of another type of
ductile behavior. It is characterized by an elastic range
and a plastic range, followed by a rapid and complete
loss of strength. If the plastic range is sufficiently large
(e= 2q), this behavior is categorized as deformation-
controlled. Otherwise it is categorized as force-
controlled. Acceptance criteria for primary and
secondary components exhibiting this behavior will be
within the elastic or plastic ranges, depending on the
performance level.

The type 1 curve is representative of typical ductile T
behavior. It is characterized by an elastic range (point O
to point 1 on the curve), followed by a plastic range
(points 1 to 3) that may include strain hardening or
softening (points 1 to 2), and a strength-degraded rang
(points 2 to 3) in which the residual force that can be
resisted is significantly less than the peak strength, but
still substantial. Acceptance criteria for primary

he type 3 curve is representative of a brittle or
nonductile behavior. It is characterized by an elastic
range, followed by a rapid and complete loss of
strength. Component actions displaying this behavior
Gre always categorized as force-controlled. Acceptance
criteria for primary and secondary components
exhibiting this behavior are always within the elastic

elements that exhibit this behavior are typically within range.
o 5 Q T 5 Q
| 1 |
1
o |-="___ ] I IR \
[ | |
[ | | |
| | | |
| | | |
| [ | |
| o |
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Figure 2-4 General Component Behavior Curves
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Figure 2-5 shows an idealized force versus deformatiori
curve that is used throughout tBaidelinesto specify
acceptance criteria for deformation-controlled

component and element actions for any of the four basi¢

types of materials. Linear response is depicted betweer
point A (unloaded component) and an effective yield
pointB. The slope fronB to C is typically a small
percentage (0—10%) of the elastic slope, and is include
to represent phenomena such as strain hardedings

an ordinate that represents the strength of the
component, and an abscissa value equal to the
deformation at which significant strength degradation
begins (lineCD). Beyond poinD, the component
responds with substantially reduced strength to #oint
At deformations greater than poltthe component
strength is essentially zero.

In Figure 2-4Q, represents the yield strength of the

component. In a real structure, the yield strength of
individual elements that appear similar will actually
have some variation. This is due to inherent variability
in the material strength comprising the individual
elements as well as differences in workmanship and
physical condition. When evaluating the behavior of
deformation-controlled components, the expected
strengthQcg, rather than the yield strengﬂg, is used.

QcE is defined as the mean value of resistance at the

deformation level anticipated, and includes
consideration of the variability discussed above as well
as phenomena such as strain hardening and plastic
section development. When evaluating the behavior of
force-controlled components, a lower bound estimate of
the component strengt@Q, , is consideredQc is
statistically defined as the mean minus one standard
deviation of the yield strengti3, for a population of
similar components.

For some components it is convenient to prescribe
acceptance criteria in terms of deformation (e4g.,

or 4), while for others it is more convenient to give
criteria in terms of deformation ratios. To accommodate

Qce

h

)

(a) Deformation
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(b) Deformation ratio
1.O

Normalized force

A

D

Deformation or deformation ratio

(c) Component or element deformation limits

this, two types of idealized force versus deformation

curves are used in tt@guidelinesas illustrated in
Figures 2-5(a) and (b). Figure 2-5(a) shows normalized
force Q/Qcp) versus deformatiorf(or 4) and the

parameters, b, andc. Figure 2-5(b) shows normalized
force Q/Qcp) versus deformation rati®6,, A/A, or

A/h) and the parameteds e, andc. Elastic stiffnesses
and values for the parametar®, ¢, d, ande that can be
used for modeling components are given in Chapters 5
through 8.

Figure 2-5

Idealized Component Load versus
Deformation Curves for Depicting
Component Modeling and Acceptability
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Figure 2-5(c) graphically shows the approximate
deformation or deformation ratio, in relation to the
idealized force versus deformation curve, that are
deemed acceptable in t@aiidelinesfor Primary P) Deformation-

and Secondary§ components for Inmediate Parameter Controlled Force-Controlled
Occupancy (10), Life Safety (LS), and Collapse

Table 2-16 Calculation of Component Action
Capacity—Linear Procedures

- ; Existing Material Expected mean Lower bound value
Prevention (CP) Performance Levels. Numerical valuessirength value with (approximately -10
of the acceptable deformations or deformation ratios are allowance for level)
given in Chapters 5 through 8 for all types of strain hardening
components and elements. Existing Action K- Qce K- Qce

Capacity
If nonlinear procedures are used, component capacitieew Material Expected material ~Specified material
consist of permissible inelastic deformation demands Strength strength strength
for deformation-controlled components, and of New Action Qce Qce
permissible strength demands for force-controlled Capacity

components. If linear procedures are used, capacities
are defined as the product of factorand expected
strengthg for deformation-controlled components

and as permissible strength demands for force-

Note: Capacity reduction¢ factors are typically taken as unity in the
evaluation of capacities.

controlled components. Tables 2-16 and 2-17 Table 2-17 Calculation of Component Action
summarize these capacities. In this tablis, the Capacity—Nonlinear Procedures
knowledge-based factor defined in Section 2.7.2,@and
is the standard deviation of the material strengths. Deformation-
Detailed guidelines on the calculation of individual Parameter Controlled Force-Controlled
component force and deformation capacities may be peformation K - deformation N/A
found in the individual materials chapters as follows: (E?a_p?city— limit
XIstin
Compognent

* Foundations—Chapter 4
Deformation deformation limit N/A

+ Elements and components composed of steel or cagjan Gomponent
iron—Chapter 5

Strength N/A K- QcL
. Capacity—
» Elements and components composed of reinforced gxisting
concrete—Chapter 6 Component
) Strength N/A QcL
¢ Elements and components composed of reinforced Capacity—
or unreinforced masonry—Chapter 7 New Element

. . Note: Capacity reductiong) factors are typically taken as unity in the
- Elements and components composed of timber, lightharatar of sanacias ypieaty Y

metal studs, gypsum, or plaster products—Chapter 8

Acceptance criteria for elements and components for
which criteria are not presented in tBaidelinesshall

be determined by a qualification testing program, in
accordance with the procedures of Section 2.13.

e Seismic isolation systems and energy dissipation
systems—Chapter 9

¢ Nonstructural (architectural, mechanical, and
electrical) components—Chapter 11

« Elements and components comprising combinations
of materials—covered in the chapters associated
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2.10 Rehabilitation Strategies 2.10.2 Removal or Lessening of Existing

I .. . Irregularities and Discontinuities
Rehabilitation of buildings may be achieved by one or

more of the strategies indicated in this section. Stiffness, mass, and strength irregularities are common
Although not specifically required by any of the causes of undesirable earthquake performance. When
strategies, it is very beneficial for the rehabilitated reviewing the results of a linear analysis, the

building’s lateral-force-resisting system to have an irregularities can be detected by examining the

appropriate level of redundancy, so that any localized distribution of structural displacements and DCRs.
failure of a few elements of the system will not result in When reviewing the results of a nonlinear analysis, the
local collapse or an instability. This should be irregularities can be detected by examining the

considered when developing rehabilitation designs. distribution of structural displacements and inelastic
deformation demands. If the values of structural

2.10.1 Local Modification of Components displacements, DCRs, or inelastic deformation demands
o o _ predicted by the analysis are unbalanced, with large
Some existing buildings have substantial strength and concentrations of high values within one story or at one
stiffness; however, some of their components do not  sjqge of a building, then an irregularity exists. Such
have adequate strength, toughness, or deformation jrregularities are often, but not always, caused by the
capacity to satisfy the Rehabilitation Objectives. An  presence of a discontinuity in the structure, as for
appropriate strategy for such structures may be to example, termination of a perimeter shear wall above
perform local modifications of those components that the first story. Simple removal of the irregularity may
are inadequate, while retaining the basic Conﬁguration be sufficient to reduce demands predicted by the
of the building’s lateral-force-resisting system. Local  analysis to acceptable levels. However, removal of
modifications that can be considered include discontinuities may be inappropriate in the case of
improvement of component connectivity, component  nistoric buildings, and the effect of such alterations on

strength, and/or component deformation capacity. This jmportant historic features should be considered
strategy tends to be the most economical approach to carefully.

rehabilitation when only a few of the building’s

components are inadequate. Effective corrective measures for removal or reduction
) of irregularities and discontinuities, such as soft or
Local strengthening allows one or more understrength \yeak stories, include the addition of braced frames or
predicted by the analysis, without affecting the overall jrregularities can be corrected by the addition of
response of the structure. This could include measuresmoment frames, braced frames, or shear walls to
such as cover plating steel beams or columns, or addinggajance the distribution of stiffness and mass within a
plywood sheathing to an existing timber diaphragm.  story. Discontinuous components such as columns or
Such measures increase the strength of the element orya|is can be extended through the zone of discontinuity.
component and allow it to resist more earthquake-
induced force before the onset of damage. Partial demolition can also be an effective corrective
) ) . measure for irregularities, although this obviously has
capacity or ductility of a component allow it to resist  pyilding, and this may not be an appropriate alternative
large deformation levels with reduced amounts of for historic structures. Portions of the structure that
damage, without necessarily increasing the strength.  create the irregularity, such as setback towers or side
One such measure is placement of a confinement jackefyings, can be removed. Expansion joints can be created
around a reinforced concrete column to improve its  tg transform a single irregular building into multiple
ability to deform without spalling or degrading regular structures; however, care must be taken to avoid
reinforcement splices. Another measure is reduction of {he potential problems associated with pounding.
the cross section of selected structural components to
increase their flexibility and response displacement 2 10.3  Global Structural Stiffening
capacity.
Some flexible structures behave poorly in earthquakes
because critical components and elements do not have
adequate ductility or toughness to resist the large lateral
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deformations that ground shaking induces in the
structure. For structures comprising many such

Most bearings also have excellent energy dissipation
characteristics (damping). Together, this results in

elements, an effective way to improve performance is togreatly reduced demands on the existing elements of the

stiffen the structure so that its response produces less

lateral deformation. Construction of new braced frames
or shear walls within an existing structure are effective

measures for adding stiffness.

2.10.4

Some existing buildings have inadequate strength to
resist lateral forces. Such structures exhibit inelastic
behavior at very low levels of ground shaking. Analyses
of such buildings indicate large DCRs (or inelastic
deformation demands) throughout the structure. By
providing supplemental strength to such a building’s
lateral-force-resisting system, it is possible to raise the
threshold of ground motion at which the onset of
damage occurs. Shear walls and braced frames are
effective elements for this purpose; however, they may
be significantly stiffer than the structure to which they
are added, requiring that they be designed to provide
nearly all of the structure’s lateral resistance. Moment-
resisting frames, being more flexible, may be more
compatible with existing elements in some structures;
however, such flexible elements may not become
effective in the building’s response until existing brittle
elements have already been damaged.

Global Structural Strengthening

2.10.5

Two of the primary characteristics that control the
amount of force and deformation induced in a structure
by ground motion are its stiffness and mass. Reduction

Mass Reduction

force and deformation demand produced by
earthquakes, and therefore can be used in lieu of
structural strengthening and stiffening. Mass can be
reduced through demolition of upper stories,
replacement of heavy cladding and interior partitions,
or removal of heavy storage and equipment loads.

2.10.6

When a structure is seismically isolated, compliant
bearings are inserted between the superstructure and i
foundations. This produces a system (structure and
isolation bearings) with fundamental response that
consists of nearly rigid body translation of the structure

Seismic Isolation

above the bearings. Most of the deformation induced in

the isolated system by the ground motion occurs within
the compliant bearings, which have been specifically
designed to resist these concentrated displacements.

3

in mass result in direct reductions in both the amount of

%O

structure, including contents and nonstructural
components. For this reason, seismic isolation is often
an appropriate strategy to achieve Enhanced
Rehabilitation Objectives that include protection of
historic fabric, valuable contents, and equipment, or for
buildings that contain important operations and
functions. This technique is most effective for relatively
stiff buildings with low profiles and large mass. It is less
effective for light, flexible structures.

2.10.7

A number of technologies are available that allow the
energy imparted to a structure by ground motion to be
dissipated in a controlled manner through the action of
special devices—such as fluid viscous dampers
(hydraulic cylinders), yielding plates, or friction pads—
resulting in an overall reduction in the displacements of
the structure. The most common devices dissipate
energy through frictional, hysteretic, or viscoelastic
processes. In order to dissipate substantial energy,
dissipation devices must typically undergo significant
deformation (or stroke) which requires that the
structural experience substantial lateral displacements.
Therefore, these systems are most effective in structures
that are relatively flexible and have some inelastic
deformation capacity. Energy dissipaters are most
commonly installed in structures as components of
braced frames. Depending on the characteristics of the
device, either static or dynamic stiffness is added to the
tructure as well as energy dissipation capacity
(damping). In some cases, although the structural
displacements are reduced, the forces delivered to the
structure can actually be increased.

Supplemental Energy Dissipation

2.11 General Analysis and Degn

Requirements

The detailed guidelines of this section apply to all
buildings rehabilitated to achieve either the BSO or any
nhanced Rehabilitation Objectives. Though

mpliance with the guidelines in this section is not
required for buildings rehabilitated to Limited
Rehabilitation Objectives, such compliance should be
considered. Unless otherwise noted, all numerical
values apply to the Life Safety Performance Level, and
must be multiplied by 1.25 to apply to Immediate
Occupancy.
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2111

The lateral-load-resisting system shall be demonstrate
to be capable of responding to ground-motion-
producing lateral forces in any horizontal direction. For
buildings with orthogonal primary axes of resistance,

Directional Effects

this may be satisfied by evaluating the response of the

structure to such forces in each of the two orthogonal
directions. As a minimum, the effects of structural

in accordance with the applicable procedures of

dSection 3.2.5. When the value &fexceeds 0.33, the

structure should be considered potentially unstable and
the rehabilitation design modified to reduce the
computed lateral deflections in the story.

2.11.3
Analytical models used to evaluate the response of the

Torsion

response in each of these orthogonal directions shall bguilding to earthquake ground motion shall account for

considered independently. In addition, the combined

the effects of torsional response resulting from

effect of simultaneous response in both directions shalldifferences in the plan location of the center of mass

be considered, in accordance with the applicable
procedures of Section 3.2.7.

2.11.2 PA Effects

and center of rigidity of the structure at all diaphragm
levels that are not flexible.

2.11.4  Overturning

The structure shall be investigated to ensure that laterairhe effects of overturning at each level of the structure
drifts induced by earthquake response do not result in ahall be evaluated cumulatively from the top of the

condition of instability under gravity loads. At each
story, the quantity shall be calculated for each

direction of response, as follows:

6, = Pid 2-14
where:
P; = Portion of the total weight of the structure

including dead, permanent live, and 25% of
transient live loads acting on the columns and
bearing walls within story leveél

Total calculated lateral shear force in the
direction under consideration at stomgue to
earthquake response, assuming that the
structure remains elastic

Height of stonyi, which may be taken as the
distance between the centerline of floor
framing at each of the levels above and below,
the distance between the top of floor slabs at
each of the levels above and below, or similar
common points of reference

Lateral drift in storyi, in the direction under
consideration, at its center of rigidity, using the
same units as for measurihg

In any story in whict, is less than or equal to 0.1, the

structure need not be investigated further for stability
concerns. When the quantiyin a story exceeds 0.1,

the analysis of the structure shall considet ffects,

structure to its base (See the commentary and further
guidance in the sidebar, “Overturning Issues and
Alternative Methods.”)

21141

When a linear procedure is followed, each primary
element at each level of the structure shall be
investigated for stability against overturning under the
effects of seismic forces applied at and above the level
under consideration. Overturning effects may be
resisted either through the stabilizing effect of dead
loads or through positive connection of the element to
structural components located below.

Linear Procedures

Where dead loads are used to resist the effects of
overturning, the following shall be satisfied:

where

Mot = Total overturning moment induced
on the element by seismic forces
applied at and above the level
under consideration

Mgt = Stabilizing moment produced by

dead loads acting on the element,
calculated as the sum of the
products of each separate dead load
and the horizontal distance
between its vertical line of action
and the centroid of the resisting
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Overturning Issues and Alternative Methods

Response to earthquake ground motion results in a tendency
for structures, and individual vertical elements of structures,
to overturn about their bases. Although actual overturning is
very rare, overturning effects can result in significant
stresses, which have caused some local and global failures.
In new building design, earthquake effects, including
overturning, are evaluated for lateral forces that are
significantly reduced (by thi-factor) from those which

may actually develop in the structure.

For elements with positive attachment between levels, that
behave as single units, such as reinforced concrete walls, the
overturning effects are resolved into component forces (e.g.,
flexure and shear at the base of the wall) and the element is
then proportioned with adequate strength to resist these
overturning effects resulting from the reduced force levels.

Some elements, such as wood shear walls and foundations,
may not be provided with positive attachment between
levels. For them, an overturning stability check is
performed. If the element has sufficient dead load to remain
stable under the overturning effects of the design lateral
forces and sufficient shear connection to the level below,
then the design is deemed adequate. However, if dead load
is inadequate to provide stability, then hold-downs, piles, or
other types of uplift anchors are provided to resist the
residual overturning caused by the design forces.

In the linear and nonlinear procedures of@edelines

lateral forces are not reduced byRxfactor, as they are for
new buildings. Thus, computed overturning effects are
larger than typically calculated for new buildings. Though
the procedure used for new buildings is not completely
rational, it has resulted in successful performance.
Therefore, it was felt inappropriate to require that structures
and elements of structures remain stable for the full lateral
forces used in the linear procedures. Instead, the designer
must determine if positive direct attachment will be used to
resist overturning effects, or if dead loads will be used. If
positive direct attachment is to be used, then this attachment
is treated just as any other element or component action.

However, if dead loads alone are used to resist overturnin
then overturning is treated as a force-controlled behavior
and the overturning demands are reduced to an estimate
the real overturning demands which can be transmitted to

the element, considering the overall limiting strength of the

structure.

There is no rational method available, that has been shown

to be consistent with observed behavior, to design or
evaluate elements for overturning effects. The method
described in th&uidelineds rational, but inconsistent with
procedures used for new buildings. To improve damage
control, theGuidelinesmethod is recommended for

checking acceptability for Performance Levels higher than

Life Safety.

A simplified alternative, described below, for evaluating the

adequacy of dead load to provide stability against
overturning for Collapse Prevention or Life Safety
Performance Levels is to use procedures similar to those
used for the design of new buildings:

The load combination represented by

whereQp andQg have opposite signs, afg = 7.5 for
Collapse Prevention Performance Level, or 6.0 for Life
Safety, is used for evaluating the adequacy of the dead lo
alone. In the event that the dead load is inadequate, the

design of any required hold-downs, piles, or other types of

uplift anchors is performed according to theidelines
Acceptability criteria for components shall be taken from
Chapters 5 through 8 with = 1.

Additional studies are needed on the parameters that cont
overturning in seismic rehabilitation. These alternative
methods are tentative, pending results from this future
research.

ad

rol

Cl’ Cz, andC3

force at the toe of the element
about which the seismic forces
tend to cause overturning

= Coefficients defined in
Section 3.3.1.3

= Coefficient defined in
Equation 3-17

The quantityMg7/J need not exceed the overturning

moment that can be applied to the element, as limi

ted

by the expected strength of the structure responding

with an acceptable inelastic mechanism. The elem
shall be evaluated for the effects of compression o

ent
n the

toe about which it is being overturned. For this purpose,

compression at the toe of the element shall be
considered a force-controlled action, and shall be
evaluated in accordance with the procedures of
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Section 3.4.2.1. Refer to Chapter 4 for special
considerations related to overturning effects on
foundations.

2.11.6
Diaphragms shall be provided at each level of the

Diaphragms

structure as necessary to connect building masses to the

Where dead loads acting on an element are insufficien
to provide stability, positive attachment of the element
to the structure located above and below the level unde
consideration shall be provided. These attachments
shall be evaluated either as force-controlled or
deformation-controlled actions, in accordance with the
applicable guidelines provided in Chapters 5 through 8.

2.11.4.2

When a nonlinear procedure is followed, the effect of
earthquake-induced rocking of elements shall be
included in the analytical model as a nonlinear degree
of freedom, whenever such rocking can occur. The
adequacy of elements above and below the level at
which rocking occurs, including the foundations, shall
be evaluated for any redistribution of loads that occurs
as a result of this rocking in accordance with the
procedures of Section 3.4.3.

Nonlinear Procedures

2.11.5

All elements of the structure shall be thoroughly and
integrally tied together to form a complete path for the
lateral inertial forces generated by the building’s
response to earthquake demands as follows:

Continuity

» Every smaller portion of a structure, such as an
outstanding wing, shall be tied to the structure as a
whole with components capable of resisting
horizontal forces equal, at a minimum, to 0.333

times the weight of the smaller portion of the
structure, unless the individual portions of the
structure are self-supporting and are separated by a
seismic joint.

» Every component shall be connected to the structure
to resist a horizontal force in any direction equal, at a
minimum, to 0.08xgtimes the weight of the

component. For connections resisting concentrated
loads, a minimum force of 1120 pounds shall be
used; for distributed load connections, the minimum
force shall be 280 pounds per lineal foot.

* Where a sliding support is provided at the end(s) of a
component, the bearing length shall be sufficient to
accommodate the expected differential displacements
of the component relative to its support.

S

tprimary vertical elements of the lateral-force-resisting
ystem. The analytical model used to analyze the
puilding shall account for the behavior of the
diaphragms, which shall be evaluated for the forces and
displacements indicated by the Analysis Procedure. In
addition, the following shall apply:

Diaphragm Chords: Except for diaphragms
evaluated as “unchorded” using Chapter 8 of the
Guidelinesa component shall be provided to
develop horizontal shear stresses at each diaphragm
edge (either interior or exterior). This component
shall consist of either a continuous diaphragm chord,
a continuous wall or frame element, or a continuous
combination of wall, frame, and chord elements. The
forces accumulated in these components and
elements due to their action as diaphragm
boundaries shall be considered in the evaluation of
their adequacy. At re-entrant corners in diaphragms,
and at the corners of openings in diaphragms,
diaphragm chords shall be extended into the
diaphragm a sufficient distance beyond the corner to
develop the accumulated diaphragm boundary
stresses through the attachment of the extended
portion of the chord to the diaphragm.

Diaphragm Collectors: At each vertical element
to which a diaphragm is attached, a diaphragm
collector shall be provided to transfer to the vertical
element those calculated diaphragm forces that
cannot be transferred directly by the diaphragm in
shear. The diaphragm collector shall be extended
into and attached to the diaphragm sufficiently to
transfer the required forces.

Diaphragm Ties: Diaphragms shall be provided
with continuous tension ties between their chords or
boundaries. Ties shall be spaced at a distance not
exceeding three times the length of the tie. Ties shall
be designed for an axial tensile force equal t§0;4

times the weight tributary to that portion of the
diaphragm located halfway between the tie and each
adjacent tie or diaphragm boundary. Where
diaphragms of timber, gypsum, or metal deck
construction provide lateral support for walls of
masonry or concrete construction, ties shall be
designed for the wall anchorage forces specified in
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Section 2.11.7 for the area of wall tributary to the  2.11.8  Nonstructural Components

diaphragm tie. . . .
phrag Nonstructural components, including architectural,

mechanical and electrical components, shall be
2117 Walls anchored and braced to the structure in accordance with
Walls shall be anchored to the structure as described irthe provisions of Chapter 11. Post-earthquake
this section, and evaluated for out-of-plane inertial operability of these components, as required for some
forces as indicated in Chapters 5 through 8. Performance Levels, shall also be provided for in
accordance with the requirements of Chapter 11 and the
» Walls shall be positively anchored to all diaphragms project Rehabilitation Objectives.
that provide lateral support for the wall or are
vertically supported by the wall. Walls shall be 2.11.9  Structures Sharing Common Elements
anchored to diaphragms at horizontal distances not
exceeding eight feet, unless it can be demonstrated
that the wall has adequate capacity to span
longitudinally between the supports for greater
distances. Walls shall be anchored to each
diaphragm for the larger of 4805 pounds per foot

of wall or xSystimes the weight of the wall tributary

Where two or more buildings share common elements,
such as party walls or columns, and either the BSO or
Enhanced Rehabilitation Objectives are desired, one of
the following approaches shall be followed.

The structures shall be thoroughly tied together so as
to behave as an integral unit. Ties between the

to the anchor, wherg shall be taken from structures at each level shall be designed for the
Table 2-18. The anchorage forces shall be developed  forces indicated in Section 2.11.5. Analyses of the
into the diaphragm. For flexible diaphragms, the buildings’ response to earthquake demands shall
anchorage forces shall be taken as three times those  account for the interconnection of the structures and
specified above and shall be developed into the shall evaluate the structures as integral units.

diaphragm by continuous diaphragm crossties. For
this purpose, diaphragms may be partitioned into & .  The puildings shall be completely separated by

series of subdiaphragms. Each subdiaphragm shall  jntroducing seismic joints between the structures.
be capable of transmitting the shear forces due to Independent lateral-force-resisting systems shall be
wall anchorage to a continuous diaphragm tie. provided for each structure. Independent vertical

Subdiaphragms shall have length-to-depth ratios of  sypport shall be provided on each side of the seismic
three or less. Where wall panels are stiffened for out-  joint, except that slide bearings to support loads
of-plane behavior by pilasters and similar elements,  from one structure off the other may be used if
anchors shall be provided at each such elementand  adequate bearing length is provided to accommodate

the distribution of out-of-plane forces to wall the expected independent lateral movement of each
anchors and diaphragm ties shall consider the structure. It shall be assumed for such purposes that
St|ﬁen|ng ef‘feCt. Wa” anChOI’ connections Sh0u|d be the structures may move out Of phase W|th each
considered force-controlled. other in each direction simultaneously. The original

shared element shall be either completely removed
or anchored to one of the structures in accordance

Table 2-18  Coefficient x for Calculation of with the applicable requirements of Section 2.11.5.
Out-of-Plane Wall Forces

2.11.10 Building Separation

Performance Level X
Collapse Prevention 0.3 2.11.10.1 General
Life Safety 04 Buildings intended to meet either the BSO or Enhanced
Immediate Occupancy 0.6 Objectives shall be adequately separated from adjacent
structures to prevent pounding during response to the
design earthquakes, except as indicated in
* Awall shall have a strength adequate to span Section 2.11.10.2. Pounding may be presumed not to
between locations of out-of-plane support when  gccyr whenever the buildings are separated at any level
subjected to out-of-plane forces equal td«t i by a distance greater than or equa &@s given by the
times the unit weight of the wall, over its area. equation:
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2 2
S = NAL+ 4 (2-16)
where:
A, = Estimated lateral deflection of building 1

relative to the ground at level

Estimated lateral deflection of building 2
relative to the ground at leviel

4

The value of calculated by Equation 2-16 need not

exceed 0.04 times the height of the buildings above
grade at the zone of potential impacts.

2.11.10.2 Special Considerations
Buildings not meeting the separation requirements of

2.12 Quality Assurance

Quality assurance of seismic rehabilitation construction
for all buildings and all Rehabilitation Objectives

should, as a minimum, conform to the recommendations
of this section. These recommendations supplement the
recommended testing and inspection requirements
contained in the reference standards given in Chapters 5
through 11. The design professional responsible for the
seismic rehabilitation of a specific building may find it
appropriate to specify more stringent or more detailed
requirements. Such additional requirements may be
particularly appropriate for those buildings having
Enhanced Rehabilitation Objectives.

2121
The design professional in responsible charge should

Construction Quality Assurance Plan

Section 2.11.10.1 may be rehabilitated to meet the BSOprepare a Quality Assurance Plan (QAP) for submittal

subject to the following limitations.

A properly substantiated analysis shall be conducted

to the regulatory agency as part of the overall submittal
of construction documents. The QAP should specify the
seismic-force-resisting elements, components, or

that accounts for the transfer of momentum and energysystems that are subject to special quality assurance

between the structures as they impact, and either:

* The diaphragms of the structures shall be located at
the same elevations and shall be demonstrated to be

capable of transferring the forces resulting from
impact; or

» The structures shall be demonstrated to be capable
of resisting all required vertical and lateral forces
independent of any elements and components that
may be severely damaged by impact of the
structures.

2.11.11 \Vertical Earthquake Effects
The effects of the vertical response of a structure to

earthquake ground motion should be considered for any

of the following cases:

» Cantilever elements and components of structures

» Pre-stressed elements and components of structures

» Structural components in which demands due to
dead and permanent live loads exceed 80% of the
nominal capacity of the component

requirements. The QAP should, as a minimum, include
the following:

Required contractor quality control procedures
* Required design professional construction quality

assurance services, including but not limited to the
following:

Review of required contractor submittals

Monitoring of required inspection reports and
test results

Construction consultation as required by the
contractor on the intent of the construction
documents

Procedures for modification of the construction
documents to reflect the demands of unforeseen
field conditions discovered during construction

— Construction observation in accordance with
Section 2.12.2.1.

» Required special inspection and testing requirements
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2.12.2  Construction Quality Assurance agency for the types of work in the seismic-force-
Requirements resisting system listed below:
2.12.2.1  Requirements for the Structural  All work described in Sections 1.6.3.1 through
Design Professional 1.6.3.6 of the 1994 and 198EHRP Recommended
The design professional in responsible charge, or a Provisions(BSSC, 1995, 1997)

design professional designated by the design _ _
professional in responsible charge, should perform ¢ Other types of work designated for such testing by
structural observation of the rehabilitation measures the design professional

shown on the construction documents. Construction ]

observation should include visual observation of the ¢ Other types of work required by the regulatory
structural system, for general conformance to the agency

conditions assumed during design, and for general , ,

conformance to the approved construction documents. 2-12.2.4  Reporting and Compliance

Structural observation should be performed at Procedures
significant construction stages and at completion of theThe special inspector(s) should furnish to the regulatory
structural/seismic system. Structural construction agency, the design professional in responsible charge,

observation does not include the responsibilities for  the owner, the persons preparing the QAP, and the
inspection required by other sections ofGddelines  contractor copies of progress reports of observations,
noting therein any uncorrected deficiencies and
Following such structural observations, the structural corrections of previously reported deficiencies. All
construction observer should report any observed observed deficiencies should be brought to the

deficiencies in writing to the owner’s representative, the immediate attention of the contractor for correction.
special inspector, the contractor, and the regulatory

agency. The structural construction observer should At the completion of construction, the special

submit to the building official a written statement inspector(s) should submit a final report to the
attesting that the site visits have been made, and regu|atory agency, owner, and design professiona] in
identifying any reported deficiencies that, to the best of responsible charge indicating the extent to which

the structural construction observer's knowledge, have inspected work was completed in accordance with
not been resolved or rectified. approved construction documents. Any work not in

_ _ compliance should be described.
2.12.2.2 Special Inspection

The owner should employ a special inspector to observe2-12.3  Regulatory Agency Responsibilities

the construction of the seismic-force-resisting system inThe regulatory agency having jurisdiction over
accordance with the QAP for the following construction gnstruction of a building that is to be seismically

work: rehabilitated should act to enhance and encourage the

) ) . protection of the public that is represented by such
* Iltems designated in Sections 1.6.2.1 through 1.6.2.9rghapjilitation. These actions should include those
in the 1994 and 199NEHRP Recommended described in the following subsections.

Provisions(BSSC, 1995, 1997)
) 2.12.3.1 Construction Document Submittals—
* All other elements and components designated for Permitting
such special inspection by the design professional .
As part of the permitting process, the regulatory agency

« All other elements and components required by the Should require that construction documents be

regulatory agency submif['ged_for a permit to construct the proposed seismic
rehabilitation measures. The documents should include
2.12.2.3  Testing a statement of the design basis for the rehabilitation,
o i drawings (or adequately detailed sketches), structural/
The special inspector(s) shall be responsible for ~ gejsmic calculations, and a QAP as recommended by
verifying that the special test requirements, as describedsection 2.12.1. Appropriate structural construction
in the QAP, are performed by an approved testing specifications are also recommended, if structural
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requirements are not adequately defined by noteson 2.13 Alternative Materials and
drawings. Methods of Construction
The regulatory agency should require that it be When an existing building or rehabilitation scheme

demonstrated (in the design calculations, by third-partycontains elements and/or components for which
review, or by other means) that the design of the seismigtructural modeling parameters and acceptance criteria

rehabilitation measures has been performed in are not provided in thesguidelines the required
conformance with local building regulations, the stated parameters and acceptance criteria should be based on
de3|gn basis, the intent of tfiidelines,and/or the experimenta”y derived Cyc“c response

accepted engineering principles. The regulatory agencyharacteristics of the assembly, determined in

should be aware that compliance with the building codeaccordance with this section. Independent third-party

provisions for new structures is often not possible nor isreview of this process, by persons knowledgeable in

it required by th&uidelines It is not intended that the structural component testing and the derivation of

regulatory agency assure compliance of the submittals design parameters from such testing, shall be required

with the structural requirements for new construction. under this section. The provisions of this section may
also be applied to new materials and systems to assess

The regulatory agency should maintain a permanent  their suitability for seismic rehabilitation.

public file of the construction documents submitted as

part of the permitting process for construction of the  2.13.1 Experimental Setup

seismic rehabilitation measures. ) ] )
When relevant data on the inelastic force-deformation

212.3.2  Construction Phase Role behavior for a structural subassembly (elements or
S components) are not available, such data should be
The regulatory agency having jurisdiction over the obtained based on experiments consisting of physical

monitor the implementation of the QAP. In particular,  gypassembly should be an identifiable portion of the
the following actions should be taken. structural element or component, the stiffness of which
) ] ] o is to be modeled as part of the structural analysis
* Files of inspection reports should be maintained for rocess. The objective of the experiment should be to
a defined length of time following completion of permit estimation of the lateral-force-displacement
construction and issuance of a certificate of relationships (stiffness) for the subassemblies at
occupancy. These files should include both reports gjfferent loading increments, together with the strength
submitted by special inspectors employed by the a4 deformation capacities for the desired performance
owner, as in Section 2.12.2.2, and those submitted |gyels. These properties are to be used in developing an
by inspectors employed by the regulatory agency. analytical model of the structure’s response to
. . » earthquake ground motions, and in judging the
* Prior to issuance of certificates of occupancy, the  4cceptability of this predicted behavior. The limiting
regulatory agency :_%hould ascertain that elther all strength and deformation capacities should be
reported noncompliant aspects of construction have getermined from the experimental program from the
been rectified, or such noncompliant aspects have average values of a minimum of three identical or

been accepted by the design professional in similar tests performed for a unique design
responsible charge as acceptable substitutes and  configuration.

consistent with the general intent of the construction

documents. The experimental setup should simulate, to the extent
] ) ) practical, the actual construction details, support
. Flles_ of test reports prepared In ac_cordance W'th conditions, and loading conditions expected in the

Section 2.12.2.3 should be maintained for a defined pyjiding. Specifically, the effects of axial load, moment,

length of time following completion of construction  anq shear, if expected to be significant in the building,

and issuance of a certificate of occupancy. should be properly simulated in the experiments. Full-
scale tests are recommended. The loading should
consist of fully reversed cyclic loading at increasing
displacement levels. The test protocol for number of
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cycles and displacement levels shall conform to
generally accepted procedures. Increments should be
continued until the subassembly exhibits complete
failure, characterized by a complete (or near-complete)
loss of lateral- and gravity-load-resisting ability.

2.13.2

A report should be prepared for each experiment. The
report should include the following:

Data Reduction and Reporting

2.13.3

— Force deformation plot for the subassembly

(noting the various behavior states)

— Description of limiting behavior states and

failure modes

Design Parameters and Acceptance
Criteria

The following procedure should be followed to develop

design parameters and acceptance criteria for

» Description of the subassembly being tested

» Description of the experimental setup, including: 1.

Details on fabrication of the subassembly
— Location and date of experiment
— Description of instrumentation employed

— Name of the person in responsible charge of the
test

— Photographs of the specimen, taken prior to
testing

» Description of the loading protocol employed,
including:

— Increment of loading (or deformation) applied
— Rate of loading application
— Duration of loading at each stage
» Description, including photographic documentation,
and limiting deformation value for all important

behavior states observed during the test, including 2,
the following, as applicable:

Elastic range with effective stiffness reported

Plastic range

Onset of apparent damage

Loss of lateral-force-resisting capacity

Loss of vertical-load-carrying capacity

subassemblies based on experimental data:

An idealized lateral-force-deformation pushover
curve should be developed from the experimental
data for each experiment, and for each direction of
loading with unique behavior. The curve should be
plotted in a single quadrant (positive force versus
positive deformation, or negative force versus
negative deformation). The curve should be
constructed as follows:

a. The appropriate quadrant of data from the lateral-
force-deformation plot from the experimental
report should be taken.

b. A smooth “backbone” curve should be drawn
through the intersection of the first cycle curve
for the {)th deformation step with the second
cycle curve of thei{1)th deformation step, for all
i steps, as indicated in Figure 2-6.

c. The backbone curve so derived shall be
approximated by a series of linear segments,
drawn to form a multisegmented curve
conforming to one of the types indicated in
Figure 2-4.

The approximate multilinear curves derived for all
experiments involving the subassembly should be
compared and an average multilinear representation
of the subassembly behavior should be derived
based on these curves. Each segment of the
composite curve should be assigned the average
stiffness (either positive or negative) of the similar
segments in the approximate multilinear curves for
the various experiments. Each segment on the
composite curve shall terminate at the average of the
deformation levels at which the similar segments of
the approximate multilinear curves for the various
experiments terminate.
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Test Force

Backbone curve

| Test Deformation

Figure 2-6 Backbone Curve for Experimental Data

3. The stiffness of the subassembly for use in linear the deformation parametdiis at least twice the
procedures should be taken as the slope of the first deformation parameter In this case, acceptance
segment of the composite curve. criteria may be determined by redrawing the

force-deformation curve as a Type 2 curve, with

4. For the purpose of determining acceptance criteria, that portion of the original curve between points
assemblies should be classified as being either force- 2 and 3 extended back to intersect the first linear
controlled or deformation-controlled. Assemblies segment at point'  as indicated in Figure 2-7.
should be classified as force-controlled unless any of The parametera a@b shall be taken as

the following apply.
9 appy indicated in Figure 2-7 and shall be used in place

— The composite multilinear force-deformation of aandQy in Figure 2-4.
curve for the assembly, determined in accordance
with (2), above, conforms to either Type 1 or 5. The strength capacit@q, , for force-controlled

Type 2, as indicated in Figure 2-4; and the elements evaluated using either the linear or
deformation parametey as indicated in nonlinear procedures shall be taken as follows:
Figure 2-4, is at least twice the deformation
parameteg, as also indicated in Figure 2-4. — For any Performance Level or Range, the lowest
_ . _ strengthQ, determined from the series of
— The composite multilinear force-deformation representative assembly tests

curve for the assembly determined in accordance

with (2), above, conforms to Type 1, as indicated g The acceptance criteria for deformation-controlled

in Figure 2-4, and the deformation parametisr assemblies used in nonlinear procedures shall be the
less than twice the deformation parametesut
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Figure 2-7 Alternative Force Deformation Curve

deformations corresponding with the following
points on the curves of Figure 2-4:

a. Primary Elements

- Immediate Occupancy: the deformation at
which significant, permanent, visible damage
occurred in the experiments

- Life Safety: 0.75 times the deformation at
point 2 on the curves

- Collapse Prevention: 0.75 times the
deformation at point 3 on the Type 1 curve,
but not greater than point 2

b. Secondary Elements

- Immediate Occupancy: the deformation at
which significant, permanent, visible damage
occurred in the experiments

- Life Safety: 100% of the deformation at point
2 on the Type 1 curve, but not less than 75%
of the deformation at point 3

- Collapse Prevention: 100% of the
deformation at point 3 on the curve

7. Themvalues used as acceptance criteria for
deformation-controlled assemblies in the linear
procedures shall be taken as 0.75 times the ratio of
the deformation acceptance criteria, given in (6)
above, to the deformation at yield, represented by

the deformation parametgiin the curves shown in
Figure 2-4.

2.14

Acceptance criteria: Permissible values of such
properties as drift, component strength demand, and
inelastic deformation used to determine the
acceptability of a component’s projected behavior at a
given Performance Level.

Definitions

Action: Sometimes called a generalized force, most
commonly a single force or moment. However, an
action may also be a combination of forces and
moments, a distributed loading, or any combination of
forces and moments. Actions always produce or cause
displacements or deformations; for example, a bending
moment action causes flexural deformation in a beam;
an axial force action in a column causes axial
deformation in the column; and a torsional moment
action on a building causes torsional deformations
(displacements) in the building.

Assembly: Two or more interconnected components.

BSE-1: Basic Safety Earthquake-1, which is the
lesser of the ground shaking at a site for a 10%/50 year
earthquake or two-thirds of the Maximum Considered
Earthquake (MCE) at the site.

BSE-2: Basic Safety Earthquake-2, which is the
ground shaking at a site for an MCE.

BSO: Basic Safety Objective, a Rehabilitation
Objective in which the Life Safety Performance Level
is reached for the BSE-1 demand and the Collapse
Prevention Performance Level is reached for the BSE-

N

Building Performance Level: A limiting damage
state, considering structural and nonstructural building
components, used in the definition of Rehabilitation
Objectives.

Capacity: The permissible strength or deformation
for a component action.

Coefficient of variation: For a sample of data, the
ratio of the standard deviation for the sample to the
mean value for the sample.
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Components: The basic structural members that Mean return period: The average period of time, in

constitute the building, such as beams, columns, slabs,years, between the expected occurrences of an

braces, piers, coupling beams, and connections. earthquake of specified severity.

Components, such as columns and beams, are combined

to form elements (e.g., a frame). Nonstructural Performance Level: A limiting
damage state for nonstructural building components

Corrective measure: Any modification of a used to define Rehabilitation Objectives.

component or element, or the structure as a whole,

intended to reduce building vulnerability. Primary component: Those components that are

required as part of the building’s lateral-force-resisting
Critical action:  That component action that reaches system (as contrasted to secondary components).
its elastic limit at the lowest level of lateral deflection,

or loading, for the structure. Primary element: An element that is essential to the
ability of the structure to resist earthquake-induced
Demand: The amount of force or deformation deformations.

imposed on an element or component.

Rehabilitation Method: A procedural methodology
Diaphragm: A horizontal (or nearly horizontal) for the reduction of building earthquake vulnerability.
structural element used to distribute inertial lateral
forces to vertical elements of the lateral-force-resisting Rehabilitation Objective: A statement of the desired

system. limits of damage or loss for a given seismic demand,
usually selected by the owner, engineer, and/or relevant
Diaphragm chord: A diaphragm component public agencies.

provided to develop shears at the edge of the

diaphragm, resisted either in tension or compression. Rehabilitation strategy: A technical approach for
developing rehabilitation measures for a building to

Diaphragm collector: A diaphragm component reduce its earthquake vulnerability.

provided to transfer lateral force from the diaphragm to

vertical elements of the lateral-force-resisting system orSecondary component: Those components that are

to other portions of the diaphragm. not required for lateral force resistance (contrasted to
primary components). They may or may not actually

Element: An assembly of structural components that resist some lateral forces.

act together in resisting lateral forces, such as moment-

resisting frames, braced frames, shear walls, and Secondary element: An element that does not affect

diaphragms. the ability of the structure to resist earthquake-induced
deformations.

Flexible diaphragm: A diaphragm with stiffness

characteristics indicated in Section 3.2.4. Seismic demand: Seismic hazard level commonly
expressed in the form of a ground shaking response
Hazard level: Earthquake shaking demands of spectrum. It may also include an estimate of permanent

specified severity, determined on either a probabilistic ground deformation.
or deterministic basis.

Simplified Rehabilitation Method: An approach,
Lateral-force-resisting system: Those elements of applicable to some types of buildings and Rehabilitation
the structure that provide its basic lateral strength and Objectives, in which analyses of the entire building’s
stiffness, and without which the structure would be response to earthquake hazards are not required.
laterally unstable.

Strength: The maximum axial force, shear force, or
Maximum Considered Earthquake (MCE): An moment that can be resisted by a component.
extreme earthquake hazard level used in the formation
of Rehabilitation Objectives. (See BSE-2.)
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Stress resultant:

The net axial force, shear, or

bending moment imposed on a cross section of a
structural component.

Structural Performance Level:

A limiting structural

damage state, used in the definition of Rehabilitation
Objectives.

Structural Performance Range: A range of
structural damage states, used in the definition of
Rehabilitation Objectives.

Subassembly: A portion of an assembly.

Systematic Rehabilitation Method: An approach to
rehabilitation in which complete analysis of the
building’s response to earthquake shaking is performed.

2.15

Symbols

Coefficient used to adjust short period spectral
response for the effect of viscous damping

LDP

LSP

Mgt

Mot

Coefficient used in linear procedures to
estimate the maximum earthquake forces that a
component can sustain and correspondingly
deliver to other components. The use of
recognizes that the framing system cannot

likely deliver the forceQg  because of

nonlinear response in the framing system

Linear Dynamic Procedure—a method of
lateral response analysis

Linear Static Procedure—a method of lateral
response analysis

The stabilizing moment for an element,
calculated as the sum of the dead loads acting
on the element times the distance between the
lines of action of these dead loads and the toe
of the element.

The overting moment on an element, calculated
as the sum of the lateral forces applied on the
element times the distance between the lines of
action of these lateral forces and the toe of the
element.

B;  Coefficient used to adjust one-second period N Blow count in soil obtained from a standard
spectral response for the effect of viscous penetration test (SPT)
damping N  Average blow count in soil within the upper

C, Modification factor to relate expected 100 feet of soil, calculated in accordance with
maximum inelastic displacements to Equation 2-6
displacements calculated for linear elastic NDP Nonlinear Dynamic Procedure—a method of
response, calculated in accordance with lateral response analysis
Section 3.3.1.3. NSP Nonlinear Static Procedure—a method of

G, Modifica’_[ion factor to represgnt the (_effect of lateral response analysis
hysteresis shape on the maximum dlsplacement Peso  Probability of exceedance in 50 years
response, calculated in accordance with o ] _
Section 3.3.1.3. PI Plasticity Index for soil, determined as the

C;  Modification factor to represent increased difference in water content of soil at the liquid
displacements due to second-order effects, limit and plagtlc limit . .
calculated in accordance with Section 3.3.1.3. Pi  The total weight of the structure, including

DCR Demand-capacity ratio, computed in dead, permanent live, and 25% of transient live
accordance with Equation 2-12 or required in loads acting on the columns and bearing walls
Equation 2-13 within story leveli

DCR Average demand-capacity ratio for a story, Pr  Mean return period
computed in accordance with Equation 2-13 Qce Expected str(_angth ofa component or eI_ement at

F,  Factor to adjust spectral acceleration in the the deformation level under consideration for
short period range for site class deformation-controlled actions

F, Factor to adjust spectral acceleration at one ~ QcL Lower-bound estimate of the strength of a
second for site class component or element at the deformation level

H Thickness of a soil layer in feet under consideration for force-controlled actions

Qp Calculated stress resultant in a component due
to dead load effects
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Calculated earthquake stress resultant in a <

S
component u
The dead load force on a component.

Yield strength of a component Vs

Spectral response acceleration at short periods,
obtained from response acceleration mgps,

Spectral response acceleration at short periods
for any hazard level and any dampigg, w

Spectral response acceleration at a one-second
period for any hazard level and any damping,

Spectral acceleratioqg,

Design BSE-1 spectral response acceleration at 8
any period Tg

Design BSE-2 spectral response acceleration at 4i1
any period Tg

Spectral response acceleration at a one-second 42
period, obtained from response acceleration
mapsg

Fundamental period of the building in the 3
direction under consideration

Period at which the constant acceleration and &
constant velocity regions of the design
spectrum intersect

Total calculated lateral shear force in story
due to earthquake response, assuming that the
structure remains elastic

Depth, in feet, of a layer of soils having similar
properties, and located within 100 feet of the o
surface

Height, in feet, of story, this may be taken as @
the distance between the centerline of floor
framing at each of the levels above and below,
the distance between the top of floor slabs at
each of the levels above and below, or similar
common points of reference X

Maodification factor used in the acceptance
criteria of deformation-controlled components
or elements, indicating the available ductility of
a component action

Horizontal distance, in feet, between adjacent
buildings at the height above ground at which
pounding may occur

Undrained shear strength of soil, pounds/ft

Average value of the undrained soil shear
strength in the upper 100 feet of soil, calculated

in accordance with Equation 2-6, pound%/ft
Shear wave velocity in soil, in feet/sec

Average value of the soil shear wave velocity in
the upper 100 feet of soil, calculated in
accordance with Equation 2-6, feet/sec

Water content of soil, calculated as the ratio of
the weight of water in a unit volume of soil to
the weight of soil in the unit volume, expressed
as a percentage

Modal damping ratio

Estimated lateral deflection of building 1
relative to the ground at level

Estimated lateral deflection of building 2
relative to the ground at levil

The lateral drift in story, at its center of
rigidity

A parameter indicative of the stability of a
structure under gravity loads and earthquake-
induced lateral deflection

A reliability coefficient used to reduce
component strength values for existing
components based on the quality of knowledge
about the components’ properties. (See
Section 2.7.2.)

Standard deviation of the variation of the
material strengths

A capacity reduction coefficient used to reduce
the design strength of new components to
account for variations in material strength,
cross-section dimension, and construction
quality

A coefficient used to determine the out-of-
plane forces required for anchorage of
structural walls to diaphragms
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3 Modeling and Analysis

(Systematic Rehabilitation)

3.1 Scope overturning; basic analysis requirements for the

linear and nonlinear procedures; and basic design

This chapter presents Analysis Procedures and design  requirements for diaphragms, walls, continuity of
requirements for seismic rehabilitation of existing the framing system, building separation, structures

buildings. Section 3.2 presents general requirements for - sharing common components, and nonstructural
analysis and design that are relevant to all four Analysis  components are given in Section 2.11.

Procedures presented in this chapter. The four Analysis
Procedures for seismic rehabilitation are presented in « Component strength and deformation demands

Section 3.3, namely: Linear Static Procedure, Linear obtained from analysis using procedures described
Dynamic Procedure, Nonlinear Static Procedure, and in this chapter, based on component acceptance
Nonlinear Dynamic Procedure. Modeling and analysis  criteria outlined in this chapter, are compared with
assumptions, and procedures for determination of permissible values provided in Chapters 4 through 9
design actions and design deformations, are also for the desired Performance Level.

presented in Section 3.3. Acceptance criteria for

elements and components analyzed using any one of the Design methods for walls subjected to out-of-plane
four procedures presented in Section 3.3 are provided in  seismic forces are addressed in Chapter 2. Analysis

Section 3.4. Section 3.5 provides definitions for key and design methods for nonstructural components,
terms used in this chapter, and Section 3.6 defines the  and mechanical and electrical equipment, are

symbols used in this chapter. Section 3.7 contains a list presented in Chapter 11.
of references.

» Specific analysis and design requirements for

The relationship of the Analysis Procedures described buildings incorporating seismic isolation and/or

in this chapter with specifications in other chapters in supplemental damping hardware are given in
the Guidelinesis as follows. Chapter 9.

Information on Rehabilitation Objectives to be used .
for design, including hazard levels (that is, 3.2 General Requirements
earthquake shaking) and on Performance Levels, is

provided in Chapter 2 Modeling, analysis, and evaluation for Systematic

Rehabilitation shall follow the guidelines of this

The provisions set forth in this chapter are intended chapter.

for Systematic Rehabilitation only. Provisions for 321

Simplified Rehabilitation are presented in e

Chapter 10. Four procedures are presented for seismic analysis of
buildings: two linear procedures, and two nonlinear

Guidelines for selecting an appropriate Analysis procedures. The two linear procedures are termed the

Procedure are provided in Chapter 2. Chapter 3 Linear Static Procedure (LSP) and the Linear Dynamic

describes the loading requirements, mathematical Procedure (LDP). The two nonlinear procedures are

model, and detailed analytical procedures required termed the Nonlinear Static Procedure (NSP) and

to estimate seismic force and deformation demands Nonlinear Dynamic Procedure (NDP).

on elements and components of a building.

Information on the calculation of appropriate Either the linear procedures of Section 3.3.1 and

stiffness and strength characteristics for componentsSection 3.3.2, or the nonlinear procedures of

and elements is provided in Chapters 4 through 9. Sections 3.3.3 and 3.3.4, may be used to analyze a
building, subject to the limitations set forth in

General requirements for analysis and design, Section 2.9.

including requirements for multidirectional

excitation effects, Rt effects, torsion, and

Analysis Procedure Selection
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3.2.2 Mathematical Modeling In buildings with rigid diaphragms the effect of actual
, _ torsion shall be considered if the maximum lateral
3221 Basic Assumptions displacement from this effect at any point on any floor

In general, a building should be modeled, analyzed, andliaphragm exceeds the average displacement by more

evaluated as a three-dimensional assembly of element$han 10%. The effect of accidental torsion shall be

and components. Three-dimensional mathematical ~ considered if the maximum lateral displacement due to

models shall be used for analysis and evaluation of  this effect at any point on any floor diaphragm exceeds

buildings with plan irregularity (see Section 3.2.3). the average displacement by more than 10%. This effect
shall be calculated independent of the effect of actual

Two-dimensional modeling, analysis, and evaluation of torsion.

buildings with stiff or rigid diaphragms (see _ _ _ _

Section 3.2.4) is acceptable if torsional effects are eitherlf the effects of torsion are required to be investigated,

sufficiently small to be ignored, or indirectly captured the increased forces and dlsplacements resultlng from

(see Section 3.2.2.2). horizontal torsion shall be evaluated and considered for

design. The eﬁects_ of torsion cannot be used to reduce
Vertical lines of seismic framing in buildings with force and deformation demands on components and
flexible diaphragms (see Section 3.2.4) may be elements.

individually modeled, analyzed, and evaluated as two- _ _ o L

dimensional assemblies of components and elements, dror linear analysis of buildings with rigid diaphragms,

a three-dimensional model may be used with the when the rati® nax/ d;ygdue to total torsional moment

diaphragms modeled as flexible elements. exceeds 1.2, the effect of accidental torsion shall be
amplified by a factorAy:

Explicit modeling of a connection is required for

nonlinear procedures if the connection is weaker than 7
the connected components, and/or the flexibility of the A = 0 Omax (3-1)
connection results in a significant increase in the X m_ze;avd]
relative deformation between the connected
components.
where:
3.2.2.2 Horizontal Torsion

Omax = Maximum displacement at any point of the
The effects of horizontal torsion must be considered. diaphragm at levet
The total torsional moment at a given floor level shall Savg Average of displacements at the extreme
be set etqual to the sum of the following two torsional points of the diaphragm at level
moments:

« The actual torsion; that is, the moment resulting ~ #x Need not exceed 3.0.
from the eccentricity between the centers of mass at ) ) _
all floors above and including the given floor, and  If the ration of (1) the maximum displacement at any
the center of rigidity of the vertical seismic elements Point on any floor diaphragm (including torsional

in the story below the given floor, and amplification), to (2) the average displacement,
calculated by rational analysis methods, exceeds 1.50,
¢ The accidental torsion; that is’ an accidental three-dimensional models that account for the spatial

torsional moment produced by horizontal offset in distribution of mass and stiffness shall be used for
the centers of mass, at all floors above and includinganalysis and evaluation. Subject to this limitation, the
the given floor, equal to a minimum of 5% of the effects of torsion may be indirectly captured for

horizontal dimension at the given floor level analysis of two-dimensional models as follows.
measured perpendicular to the direction of the _
applied load. * For the LSP (Section 3.3.1) and the LDP

(Section 3.3.2), the design forces and displacements
shall be increased by multiplying by the maximum
value ofn calculated for the building.
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» For the NSP (Section 3.3.3), the target displacementconfiguration (see Section 3.2.3); that is, components
shall be increased by multiplying by the maximum and elements shall not be selectively assigned as either
value ofn calculated for the building. primary or secondary to change the configuration of a

building fromirregular to regular.

» For the NDP (Section 3.3.4), the amplitude of the
ground acceleration record shall be increased by 3.2.2.4 Deformation- and Force-Controlled
multiplying by the maximum value af calculated Actions

for the building. Actions shall be classified as either deformation-

controlled or force-controlled. A deformation-

controlled action is one that has an associated
deformation that is allowed to exceed the yield value;
Components, elements, and component actions shall béhe maximum associated deformation is limited by the
classified as either primary or secondary. Primary ductility capacity of the component. A force-controlled
actions, components, and elements are key parts of theaction is one that has an associated deformation that is
seismic framing system required in the design to resist not allowed to exceed the yield value. Actions with
earthquake effects. These shall be evaluated, and limited ductility (such as allowing < gin Figure 2-4)
rehabilitated as necessary, to sustain earthquake- may also be considered force-controlled. Guidance on
induced forces and deformations while simultaneously these classifications may be found in Chapters 5
supporting gravity loads. Secondary actions, through 8.

components, and elements are not designated as part of

the lateral-force-resisting system, but nevertheless shalB.2.2.5 Stiffness and Strength Assumptions

be evaluated, and rehabilitated as necessary, to ensur
that such actions, components, and elements can
simultaneously sustain earthquake-induced
deformations and gravity loads. (See @@mmentary

on this section.)

3.2.2.3 Primary and Secondary Actions,
Components, and Elements

®Element and component stiffness properties and
strength estimates for both linear and nonlinear
procedures shall be determined from information given
in Chapters 4 through 9, and 11. Guidelines for
modeling structural components are given in Chapters 5
through 8. Similar guidelines for modeling foundations
and nonstructural components are given in Chapters 4
and 11, respectively.

For linear procedures (Sections 3.3.1 and 3.3.2), only
the stiffness of primary components and elements shall
be included in the mathematical model. Secondary
components and elements shall be checked for the 3226
displacements estimated by such analysis. For linear ~
procedures, the total lateral stiffness of the secondary The foundation system may be included in the
components and elements shall be no greater than 25%nathematical model for analysis with stiffness and

of the total stiffness of the primary components and  damping properties as defined in Chapter 4. Otherwise,
elements, calculated at each level of the building. If thisunless specifically prohibited, the foundation may be
limit is exceeded, some secondary components shall b@ssumed to be rigid and not included in the

reclassified as primary components. mathematical model.

Foundation Modeling

For nonlinear procedures (Sections 3.3.3 and 3.3.4), the3.2.3 Configuration
stiffness and resistance of all primary and secondary
components (including strength loss of secondary
components) shall be included in the mathematical
model. Additionally, if the total stiffness of the
nonstructural components—such as precast exterior
panels—exceeds 10% of the total lateral stiffness of a
story, the nonstructural components shall be included in
the mathematical model.

Building irregularities are discussed in Section 2.9.
Such classification shall be based on the plan and
vertical configuration of the framing system, using a
mathematical model that considers both primary and
secondary components.

One objective of seismic rehabilitation should be the
improvement of the regularity of a building through the

. judici lacement of new framing elements.
The classification of components and elements shall nindCOUSp cement ot new framing elements

result in a change in the classification of a building’s
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3.24 Floor Diaphragms calculated by linear analysi§,in Equation 2-14, shall

Floor diaphragms transfer earthquake-induced inertial P€ increased by 1/(1&) for evaluation of the stability
forces to vertical elements of the seismic framing coefficient. If the coefficient is less than 0.1 in all
system. Roof diaphragms are considered to be floor ~ Stories, static & effects will be small and may be
diaphragmsl Connections between floor diaphragms |gn0r6d. If the coefficient exceeds 0.33, the bUIIdlng

and vertical seismic framing elements must have may be unstable and redesign is necessary
sufficient strength to transfer the maximum calculated (Section 2.11.2). If the coefficient lies between 0.1 and
diaphragm shear forces to the vertical framing 0.33, the seismic force effects in stoshall be

elements. Requirements for design and detailing of ~ increased by the factor 1/(B)-
diaphragm components are given in Section 2.11.6.

For nonlinear procedures, second-order effects shall be
Floor diaphragms shall be classified as either flexible, considered directly in the analysis; the geometric

stiff, or rigid. (See Chapter 10 for classification of stiffness of all elements and components subjected to
diaphragms to be used for determining whether axial forces shall be included in the mathematical
Simplified Rehabilitation Methods are applicable.) model.

Diaphragms shall be considered flexible when the

maximum lateral deformation of the diaphragm along 3.2.5.2 Dynamic P- A Effects

its length is more than twice the average interstory drift
of the story immediately below the diaphragm. For
diaphragms supported by basement walls, the average
interstory drift of the story above the diaphragm may be
used in lieu of the basement story. Diaphragms shall b
considered rigid when the maximum lateral
deformation of the diaphragm is less than half the
average interstory drift of the associated story.
Diaphragms that are neither flexible nor rigid shall be
classified as stiff. The interstory drift and diaphragm
deformations shall be estimated using the seismic
lateral forces (Equation 3-6). The in-plane deflection o
the floor diaphragm shall be calculated for an in-plane . :
distribution gf Iatgral force consistent with the P 3.2.6 Soil-Structure Interaction
distribution of mass, as well as all in-plane lateral forcesSoil-structure interaction (SSI) may modify the seismic
associated with offsets in the vertical seismic framing atdemand on a building. Two procedures for computing
that floor. the effects of SSI are provided below. Other rational
methods of modeling SSI may also be used.

Dynamic PA effects may increase component actions
and deformations, and story drifts. Such effects are
indirectly evaluated for the linear procedures and the
NSP using the coefficiell;. Refer to

eS(—:‘ctions 3.3.1.3A and 3.3.3.3A for additional
information.

Second-order effects shall be considered directly for

nonlinear procedures; the geometric stiffness of all

elements and components subjected to axial forces shall
f be included in the mathematical model.

Mathematical models of buildings with stiff or flexible
diaphragms should be developed considering the effectsor those rare cases (such as for near-field and soft soil
of diaphragm flexibility. For buildings with flexible sites) in which the increase in fundamental period due
diaphragms at each floor level, the vertical lines of  to SSI increases spectral accelerations, the effects of
seismic framing may be designed independently, with  SS| on building response must be evaluated; the
seismic masses assigned on the basis of tributary areaincrease in fundamental period may be calculated using
the simplified procedures referred to in Section 3.2.6.1.
3.2.5 PA Effects Otherwise, the effects of SSI may be ignored. In
addition, SSI effects need not be considered for any
building permitted to be rehabilitated using the
Simplified Rehabilitation Method (Table 10-1).

Two types of PA (second-order) effects are addressed
in theGuidelines (1) static PA and (2) dynamic 2.

3.2.5.1 Static P- 4 Effects The simplified procedures referred to in Section 3.2.6.1
For linear procedures, the stability coefficiéghould can be used with the LSP of Section 3.3.1.

be evaluated for each story in the building using Consideration of SSI effects with the LDP of

Equation 2-14. This process is iterative. The story drifts Section 3.3.2, the NSP of Section 3.3.3, and the NDP of
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Section 3.3.4 shall include explicit modeling of Alternatively, it is acceptable to use SRSS to combine
foundation stiffness as in Section 3.2.6.2. Modal multidirectional effects where appropriate.

damping ratios may be calculated using the method

referred to in Section 3.2.6.1. The effects of vertical excitation on horizontal

cantilevers and prestressed elements shall be considered
Soil-structure interaction effects shall not be used to by static or dynamic response methods. Vertical

reduce component and element actions by more earthquake shaking may be characterized by a spectrum

than 25%. with ordinates equal to 67% of those of the horizontal
spectrum (Section 2.6.1.5) unless alternative vertical

3.26.1 Procedures for Period and Damping response spectra are developed using site-specific

The simplified procedures presented in Chapter 2 of the?nalYSis-

1997NEHRPRecommendedrovisions for Seismic .
Regulations for New Buildings and Other Structures 3.2.8 Component Gravity Loads and Load

(BSSC, 1997) may be used to calculate seismic Combinations
demands using the effective fundamental pefiod  andThe following component gravity forceQ; , shall be

effective fundamental damping ratlb  of the considered for combination with seismic loads.
foundation-structure system.

When the effects of gravity and seismic loads are
3.2.6.2 Explicit Modeling of SSI additive,

Soil-structure interaction may be modeled explicitly by _
modeling the stiffness and damping for individual Qs = 1.UQp +Q *+Qg)
foundation elements. Guidance on the selection of
spring characteristics to represent foundation stiffness isVhen the effects of gravity counteract seismic loads,
presented in Section 4.4.2. Unless otherwise
determined, the damping ratio for individual foundation Q- = 0.9Q (3-3)

; G D
elements shall be set equal to that value of the damping
ratio used for the elastic superstructure. For the NSP, th%/

damping ratio of the foundation-structure syst@m

(3-2)

here:

shall be used to calculate the spectral demands. Qp = Dead load effect (action)

- . I QU = Effective live load effect (action), equal to
3.2.7 Multidirectional Excitation Effects - 25% of the unreduced design live |§ad but not
Buildings shall be designed for seismic forces in any less than the measured live load
horizontal direction. For regular buildings, seismic Qs = Effective snow load effect (action), equal to
displacements and forces may be assumed to act either 70% of the full design snow load or,
nonconcurrently in the direction of each principal axis where conditions warrant and approved by the
of a building. For buildings with plan irregularity regulatory agency, not less than 20% of the
(Section 3.2.3) and buildings in which one or more full design snow load, except that where the
components form part of two or more intersecting design snow load is 30 pounds per square foot
elements, multidirectional excitation effects shall be or lessQg=0.0

considered. Multidirectional effects on components

shall include both torsional and translational effects. . . .
Evaluation of components for gravity and wind forces,

in the absence of earthquake forces, is beyond the scope

The requirement that multidirectional (orthogonal) of this document

excitation effects be considered may be satisfied by
designing elements or components for the forces and e . .
deformations associated with 100% of the seismic 3.2.9 Verification of Design Assumptions
displacements in one horizontal direction plus the Each component shall be evaluated to determine that
forces associated with 30% of the seismic - assumed locations of inelastic deformations are
displacements in the perpendicular horizontal direction.consistent with strength and equilibrium requirements
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at all locations along the component length. Further,  Results of the LSP are to be checked using the applicable
each component should be evaluated by rational acceptance criteria of Section 3.4. Calculated internal
analysis for adequate post-earthquake residual gravity forces typically will exceed those that the building can
load capacity, considering reduction of stiffness causeddevelop, because of anticipated inelastic response of

by earthquake damage to the structure. components and elements. These obtained design forces
are evaluated through the acceptance criteria of
Where moments in horizontally-spanning primary Section 3.4.2, which include modification factors and

components, due to the gravity load combinations of alternative Analysis Procedures to account for
Equations 3-2 and 3-3, exceed 50% of the expected anticipated inelastic response demands and capacities.
moment strength at any location, the possibility for

inelastic flexural action at locations other than 3.3.1.2 Modeling and Analysis

component ends shall be specifically investigated by Considerations

comparing flexural actions with expected component _

strengths, and the post-earthquake gravity load capacity’eriod Determination. The fundamental period of a
should be investigated. Sample checking procedures aruilding, in the direction under consideration, shall be

presented in th€ommentaryFormation of flexural calculated by one of the following three methods.
plastic hinges away from component ends is not (Method 1 is preferred.)

permitted unless it is explicitly accounted for in , _ _
modeling and analysis. Method 1. Eigenvalue (dynamic) analysis of the

mathematical model of the building. The model for
buildings with flexible diaphragms shall consider

3.3 Analysis Procedures representation of diaphragm flexibility unless it can be
shown that the effects of omission will not be

3.3.1 Linear Static Procedure (LSP) significant.

3.3.1.1 Basis of the Procedure Method 2. Evaluation of the following equation:

Under the Linear Static Procedure (LSP), design

seismic forces, their distribution over the height of the T = Ch¥4 (3-4)

building, and the corresponding internal forces and
system displacements are determined using a linearly-, nere-
elastic, static analysis. Restrictions on the applicability

direction under consideration

In the LSP, the building is modeled with linearly-elastic = 0.035 for moment-resisting frame systems of

stiffness and equivalent viscous damping that t
\ . steel
approximate values expected for loading to near the o
yield point. Design earthquake demands for the LSP are = 0.030 for moment-resisting frames of
represented by static lateral forces whose sum is equal reinforced concrete

to the pseudo lateral load defined by Equation 3-6. The
magnitude of the pseudo lateral load has been selected
with the intention that when it is applied to the linearly
elastic model of the building it will result in design
displacement amplitudes approximating maximum
displacements that are expected during the design
earthquake. If the building responds essentially
elastically to the design earthquake, the calculated
internal forces will be reasonable approximations of
those expected during the design earthquake. If the
building responds inelastically to the design earthquake
as will commonly be the case, the internal forces that
would develop in the yielding building will be less than
the internal forces calculated on an elastic basis.

0.030 for eccentrically-braced steel frames
0.020 for all other framing systems

= 0.060 for wood buildings (types 1 and 2 in
Table 10-2)

Height (in feet) above the base to the roof level

=y
1

Method 2 is not applicable to unreinforced masonry
buildings with flexible diaphragms.

Method 3. The fundamental period of a one-story
building with a single span flexible diaphragm may be
calculated as:
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T = (0.14,,+0.0784)°° (3-5)

where4,, andd, are in-plane wall and diaphragm

displacements in inches, due to a lateral load, in the
direction under consideration, equal to the weight
tributary to the diaphragm (s&@ommentary

Figure C3-2). For multiple-span diaphragms, a lateral
load equal to the gravity weight tributary to the
diaphragm span under consideration shall be applied to

each diaphragm span to calculate a separate period for

each diaphragm span. The period so calculated that

maximizes the pseudo lateral load (see Equation 3-6)

shall be used for design of all walls and diaphragm
spans in the building.

3.3.1.3

Determination of Actions and
Deformations

A. Pseudo Lateral Load

The pseudo lateral load in a given horizontal direction

of a building is determined using Equation 3-6. This
load, increased as necessary to account for the effects of
torsion (see Section 3.2.2.2), shall be used for the
design of the vertical seismic framing system.

where;

\Y,

V = C,C,Ca8,W (3-6)

Pseudo lateral load

This force, when distributed over the height
of the linearly-elastic analysis model of the
structure, is intended to produce calculated
lateral displacements approximately equal to
those that are expected in the real structure
during the design event. If it is expected that
the actual structure will yield during the
design event, the force given by Equation 3-6
may be significantly larger than the actual
strength of the structure to resist this force.
The acceptance criteria in Section 3.4.2 are
developed to take this aspect into account.

C, =

Modification factor to relate expected
maximum inelastic displacements to
displacements calculated for linear elastic

responseC; may be calculated using the
procedure indicated in Section 3.3.3.3. with
the elastic base shear capacity substituted for
\y. Alternatively,C; may be calculated as

follows:
Clz 1.5forT<0.10 second

Clz 1.0forT= T0 second

Linear interpolation shall be used to calculate
C, for intermediate values daf

T = Fundamental period of the building in
the direction under consideration. If soil-
structure interaction is considered, the
effective fundamental periofl  shall be
substituted forT .

Ty = Characteristic period of the response

spectrum, defined as the period associated
with the transition from the constant
acceleration segment of the spectrum to the
constant velocity segment of the spectrum.
(See Sections 2.6.1.5 and 2.6.2.1.)
Modification factor to represent the effect of
stiffness degradation and strength
deterioration on maximum displacement

response. Values @&, for different framing
systems and Performance Levels are listed in
Table 3-1. Linear interpolation shall be used
to estimate values fa€, for intermediate

values ofT .

Modification factor to represent increased
displacements due to dynamicAreffects.
This effect is in addition to the consideration
of static P-D effects as defined in

Section 3.2.5.1. For values of the stability

coefficient@ (see Equation 2-14) less than
0.1,C5; may be set equal to 1.0. For values of

0 greater than 0.1C;  shall be calculated as

1+5(6-0.1)/T. The maximum value &
for all stories in the building shall be used to
calculateC, .

FEMA 273
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S. = Response spectrum acceleration, at the
fundamental period and damping ratio of the
building in the direction under consideration.

The value ofS, shall be obtained from the
procedure in Section 2.6.1.5.

W = Total dead load and anticipated live load as
indicated below:

* In storage and warehouse occupancies, a
minimum of 25% of the floor live load

» The actual partition weight or minimum
weight of 10 psf of floor area, whichever
is greater

» The applicable snow load—see the
NEHRP Recommended Provisions
(BSSC, 1995)

» The total weight of permanent equipment
and furnishings

B. Vertical Distribution of Seismic Forces

The lateral load=, applied at any floor lexedhall be
determined from the following equations:

F, = CV (3-7)
k
w, h
CVX = “‘rT‘)‘(—l(‘- (3'8)
k
> wih;
i=1
where:
k = 1.0forT<0.5 second

= 2.0forT=2.5 seconds

Linear interpolation shall be used to estimate
values ofk for intermediate values ©f

Cyy = Vertical distribution factor
= Pseudo lateral load from Equation 3-6
w, = Portion of the total building weigh/
located on or assigned to floor level
w, = Portion of the total building weigh
located on or assigned to floor lewel
h. = Height (in ft) from the base to floor leviel
|
h. = Height (in ft) from the base to floor level

C. Horizontal Distribution of Seismic Forces

The seismic forces at each floor level of the building
shall be distributed according to the distribution of mass
at that floor level.

D. Floor Diaphragms

Floor diaphragms shall be designed to resist the effects
of (1) the inertia forces developed at the level under

consideration (equal tEpX in Equation 3-9), and (2)

the horizontal forces resulting from offsets in, or
changes in stiffness of, the vertical seismic framing
elements above and below the diaphragm. Forces
resulting from offsets in, or changes in stiffness of, the
vertical seismic framing elements shall be taken to be
equal to the elastic forces (Equation 3-6) without
reduction, unless smaller forces can be justified by
rational analysis.

n

w.

Foy = F—= (3-9)
c,C,C,. & "
1~2~3i=x Z W,
i =X

where:

pr = Total diaphragm force at level

Foo= Lateral load applied at floor leviegiven by
Equation 3-7

w, = Portion of the total building weigh/
located on or assigned to floor level

w., = Portion of the total building weigh/

located on or assigned to floor lewel

CoefficientsC1 Cy and33 are described above in
Section 3.3.1.3A.

The lateral seismic load on each flexible diaphragm
shall be distributed along the span of that diaphragm,
considering its displaced shape.

E. Determination of Deformations

Structural deformations and story drifts shall be
calculated using lateral loads in accordance with
Equations 3-6, 3-7, and 3-9 and stiffnesses obtained
from Chapters 5, 6, 7, and 8.
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Table 3-1 Values for Modification Factor ~ C,
T = 0.1 second T2 T,second
Framing Framin Framing Framin
Performance Level Type 11 Type 2 Type 11 Type 2
Immediate Occupancy 1.0 1.0 1.0 1.0
Life Safety 1.3 1.0 1.1 1.0
Collapse Prevention 15 1.0 1.2 1.0

1. Structures in which more than 30% of the story shear at any level is resisted by components or elements whose stiéngsis arad/deteriorate
during the design earthquake. Such elements and components include: ordinary moment-resisting frames, concentricalipdsatrachia with
partially-restrained connections, tension-only braced frames, unreinforced masonry walls, shear-critical walls and pieesnbireation of the above.

2. All frames not assigned to Framing Type 1.

3.3.2 Linear Dynamic Procedure (LDP) 3.3.2.2 Modeling and Analysis
Considerations
3.3.2.1 Basis of the Procedure

Under the Linear Dynamic Procedure (LDP), design
seismic forces, their distribution over the height of the
building, and the corresponding internal forces and
system displacements are determined using a linearly-
elastic, dynamic analysis. Restrictions on the
applicability of this procedure are given in Section 2.9.

A. General

The LDP shall conform to the criteria of this section.
The analysis shall be based on appropriate
characterization of the ground motion (Section 2.6.1).
The modeling and analysis considerations set forth in
Section 3.3.1.2 shall apply to the LDP but alternative
considerations are presented below.

The basis, modeling approaches, and acceptance criter
of the LDP are similar to those for the LSP. The main
exception is that the response calculations are carried
out using either modal spectral analysis or Time-
History Analysis. Modal spectral analysis is carried out
using linearly-elastic response spectra that are not
modified to account for anticipated nonlinear response.
As with the LSP, it is expected that the LDP will
produce displacements that are approximately correct
but will produce internal forces that exceed those that
would be obtained in a yielding building.

he LDP includes two analysis methods, namely, the
Response Spectrum and Time-History Analysis
Methods. The Response Spectrum Method uses peak
modal responses calculated from dynamic analysis of a
mathematical model. Only those modes contributing
significantly to the response need to be considered.
Modal responses are combined using rational methods
to estimate total building response quantities. The
' Time-History Method (also termed Response-History
Analysis) involves a time-step-by-time-step evaluation
of building response, using discretized recorded or
synthetic earthquake records as base motion input.
equirements for the two analysis methods are outlined
n C and D below.

Results of the LDP are to be checked using the
applicable acceptance criteria of Section 3.4. Calculate
displacements are compared directly with allowable
values. Calculated internal forces typically will exceed
those that the building can sustain because of _ _ )
anticipated inelastic response of Components and The horizontal grOL_md motion shall be characterized for
elements. These obtained design forces are evaluated design by the requirements of Section 2.6 and shall be
through the acceptance criteria of Section 3.4.2, which one of the following:

include modification factors and alternative analysis _

procedures to account for anticipated inelastic respons@ A response spectrum (Section 2.6.1.5)

demands and capacities.

B. Ground Motion Characterization

» A site-specific response spectrum (Section 2.6.2.1)

* Ground acceleration time histories (Section 2.6.2.2)
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C. Response Spectrum Method 3.3.2.3 Determination of Actions and

The requirement that all significant modes be included Deformations
in the response analysis may be satisfied by including A. Modification of Demands

suffti.ci.entt_modes to (?af[[r)]turbe gT(tj_Ieas_t 90%hofft?he All actions and deformations calculated using either of
participating mass ot the building in €ach ot the the LDP analysis methods—Response Spectrum or

building’s principal horizontal directions. Modal i . e
damping ratios shall reflect the damping inherent in the-rlm(;a HtISt:trrZ Analg.i.ls t.Shi” btelgwultlplled by the
building at deformation levels less than the yield product of the modification facto; G, , ady

deformation. defined in Section 3.3.1.3, and further increased as
necessary to account for the effects of torsion (see

The peak member forces, displacements, story forces, Section 3.2.2.2). However, floor diaphragm actions

story shears, and base reactions for each mode of need not be increased by the product of the modification

response shall be combined by recognized methods to factors.

estimate total response. Modal combination by either

the SRSS (square root sum of squares) rule or the CQ®. Floor Diaphragms

(complete quadratic combination) rule is acceptable. F|gor diaphragms shall be designed to resist

o o simultaneously (1) the seismic forces calculated by the
Multidirectional excitation effects shall be accounted | pp, and (2) the horizontal forces resulting from offsets

for by the requirements of Section 3.2.7. in, or changes in stiffness of, the vertical seismic
, , framing elements above and below the diaphragm. The
D. Time-History Method seismic forces calculated by the LDP shall be taken as

The requirements for the mathematical model for Time-not less than 85% of the forces calculated using
History Analysis are identical to those developed for  Equation 3-9. Forces resulting from offsets in, or
Response Spectrum Analysis. The damping matrix ~ changes in stiffness of, the vertical seismic framing
associated with the mathematical model shall reflect theelements shall be taken to be equal to the elastic forces
damping inherent in the building at deformation levels without reduction, unless smaller forces can be justified
less than the yield deformation. by rational analysis.

Time-History Analysis shall be performed using time  3.3.3 Nonlinear Static Procedure (NSP)

histories prepared according to the requirements of _

Section 2.6.2.2. 3.3.31 Basis of the Procedure
Under the Nonlinear Static Procedure (NSP), a model

Response parameters shall be calculated for each Timetirectly incorporating inelastic material response is

History Analysis. If three Time-History Analyses are  displaced to a target displacement, and resulting internal

performed, the maximum response of the parameter ofdeformations and forces are determined. The nonlinear

interest shall be used for design. If seven or more pairs|pad-deformation characteristics of individual

of horizontal ground motion records are used for Time- components and elements of the building are modeled

History Analysis, the average response of the parametegirectly. The mathematical model of the building is

of interest may be used for design. subjected to monotonically increasing lateral forces or
displacements until either a target displacement is

Multidirectional excitation effects shall be accounted exceeded or the building collapses. The target

for in accordance with the requirements of displacement is intended to represent the maximum

Section 3.2.7. These requirements may be satisfied by displacement likely to be experienced during the design

analysis of a three-dimensional mathematical model  earthquake. The target displacement may be calculated

using simultaneously imposed pairs of earthquake  py any procedure that accounts for the effects of

ground motion records along each of the horizontal axeshonlinear response on displacement amplitude; one

of the building. rational procedure is presented in Section 3.3.3.3.
Because the mathematical model accounts directly for
effects of material inelastic response, the calculated
internal forces will be reasonable approximations of
those expected during the design earthquake.
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Results of the NSP are to be checked using the C. Lateral Load Patterns

applicable acceptance criteria of Section 3.4.3. Lateral loads shall be applied to the building in profiles
Calculated displacements and internal forces are that approximately bound the likely distribution of
compared directly with allowable values. inertia forces in an earthquake. For three-dimensional

analysis, the horizontal distribution should simulate the
distribution of inertia forces in the plane of each floor
diaphragm. For both two- and three-dimensional

A. General analysis, at least two vertical distributions of lateral

In the context of thesBuidelines the NSP involves the load shall be considered. The first pattern, often termed

monotonic application of lateral forces or displacementsthe uniform pattern, shall be based on lateral forces that
to a nonlinear mathematical model of a building until are proportional to the total mass at each floor level.
the displacement of the control node in the The second pattern, termed the modal pattern in these

mathematical model exceeds a target displacement. Foflljl'de."netS shoultq be_selected from one of the
buildings that are not symmetric about a plane ollowing two options:

perpendicular to the applied lateral loads, the lateral .
loads must be applied in both the positive and negative a.later.al load pattern reprgsented by valu@,gpf
directions, and the maximum forces and deformations ~ 9iven in Equation 3-8, which may be used if more

3.3.3.2 Modeling and Analysis
Considerations

used for design. than 75% of the total mass participates in the
fundamental mode in the direction under
The relation between base shear force and lateral consideration; or

displacement of the control node shall be established for ] ) ]
control node displacements ranging between zero and * @ lateral load pattern proportional to the story inertia

150% of the target displacemen given by forces consistent with the story shear distribution
b calculated by combination of modal responses using

Equation 3-11. Acceptance criteyia shall be based on (1) Response Spectrum Analysis of the building
those forces and deformations (in components and including a sufficient number of modes to capture
elements) corresponding to a minimum horizontal 90% of the total mass, and (2) the appropriate
displacement of the control node equabo . ground motion spectrum.

Gravity loads shall be applied to appropriate elements D- Period Determination

and components of the mathematical model during the The effective fundamental peridd,  in the direction

NSP. The loads and load combination presented in  ynder consideration shall be calculated using the

Equation 3-2 (and Equation 3-3 as appropriate) shall &g rce-displacement relationship of the NSP. The

used to represent such gravity loads. nonlinear relation between base shear and displacement
of the target node shall be replaced with a bilinear

The analysis model shall be discretized in sufficient relation to estimate the effective lateral stiffndég,

detail to represent adequately the load-deformation _ s
response of each component along its length. Particulagnd the yield strength/, , of the building. The

attention should be paid to identifying locations of effective lateral stiffness shall be taken as the secant
inelastic action along the length of a component, as wellstiffness calculated at a base shear force equal to 60% of

as atits ends. the yield strength. The effective fundamental pefiQd
B. Control Node shall be calculated as:

The NSP requires definition of the contnalde in a

building. Thesd&suidelinesconsider the control node to T =7 F (3-10)
be the center of mass at the roof of a building; the top of e ik

a penthouse should not be considered as the roof. The ©

displacement of the control node is compared with the

target displacement—a displacement that characterizes

the effects of earthquake shaking.
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Elastic fundamental period (in seconds) in
the direction under consideration calculated
by elastic dynamic analysis

Ki = Elastic lateral stiffness of the building in the
direction under consideration
K_ = Effective lateral stiffness of the building in

the direction under consideration

See Figure 3-1 for further information.

3
3}
e
7]
)
)
©
m
0.6V,
."' Ke
3 &
Roof displacement
Figure 3-1 Calculation of Effective Stiffness, K o

E. Analysis of Three-Dimensional Models

Static lateral forces shall be imposed on the three-
dimensional mathematical model corresponding to the
mass distribution at each floor level. The effects of

accidental torsion shall be considered (Section 3.2.2.2).

Independent analysis along each principal axis of the
three-dimensional mathematical model is permitted
unless multidirectional evaluation is required
(Section 3.2.7).

F.  Analysis of Two-Dimensional Models

Mathematical models describing the framing along each

axis (axis 1 and axis 2) of the building shall be
developed for two-dimensional analysis. The effects of
horizontal torsion shall be considered (Section 3.2.2.2)

If multidirectional excitation effects are to be
considered, component deformation demands and
actions shall be computed for the following cases:
100% of the target displacement along axis 1 and 30%
of the target displacement along axis 2; and 30% of the
target displacement along axis 1 and 100% of the target
displacement along axis 2.

3.3.33 Determination of Actions and
Deformations

A. Target Displacement

The target displacemedtfor a building with rigid

diaphragms (Section 3.2.4) at each floor level shall be
estimated using an established procedure that accounts
for the likely nonlinear response of the building.

Actions and deformations corresponding to the control
node displacement equaling or exceeding the target
displacement shall be used for component checking in
Section 3.4.

One procedure for evaluating the target displacement is
given by the following equation:

2
T
— e
Art
where:
T, = Effective fundamental period of the building

in the direction under consideration, sec

Modification factor to relate spectral
displacement and likely building roof
displacement

Estimates foiC, can be calculated using one

of the following:

the first modal participation factor at the
level of the control node

the modal participation factor at the level

of the control node calculated using a
shape vector corresponding to the deflected
shape of the building at the target
displacement

the appropriate value from Table 3-2
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C, = Modification factor to relate expected
maximum inelastic displacements to
displacements calculated for linear elastic

response
= 1.0 forTez T0

= [1.0+ (R-1)Ty/TJ/R for T,<T,

Values forC; need not exceed those values
given in Section 3.3.1.3.

In no case mag, be taken as less than 1.0.

Ty = Characteristic period of the response
spectrum, defined as the period associated
with the transition from the constant

acceleration segment of the spectrum to the

constant velocity segment of the spectrum.
(See Sections 2.6.1.5 and 2.6.2.1.)

R = Ratio of elastic strength demand to calculated

yield strength coefficient. See below for
additional information.

C, = Modification factor to represent the effect of
hysteresis shape on the maximum

displacement response. Values @y are
established in Section 3.3.1.3.

C; = Modification factor to represent increased
displacements due to dynamireffects. For

buildings with positive post-yield stiffnesSg
shall be set equal to 1.0. For buildings with
negative post-yield stiffness, values®f

shall be calculated using Equation 3-13.

Values forC3 need not exceed the values set
forth in Section 3.3.1.3.

S. = Response spectrum acceleration, at the

effective fundamental period and damping

ratio of the building in the direction under

considerationg. The value ofS, is calculated

in Sections 2.6.1.5 and 2.6.2.1.

The strength rati® shall be calculated as:

S

R=—2

Vy/

w

L
Co

(3-12)

Table 3-2 Values for Modification Factor ~ C
Number of Stories Modification Factor 1

1 1.0

2 1.2

3 1.3

5 1.4

10+ 1.5

1. Linear interpolation should be used to calculate intermediate values.

WhereSa and:o are as defined above, and:

V. = Yield strength calculated using results of NSP,
y where the nonlinear force-displacement (i.e.,

base shear force versus control node
displacement) curve of the building is
characterized by a bilinear relation
(Figure 3-1)

Ww = Total dead load and anticipated live load, as
calculated in Section 3.3.1.3

Coeﬂ‘icientC3 shall be calculated as follows if the

relation between base shear force and control node
displacement exhibits negative post-yield stiffness.

al R—1)3/2

Cy = 1.0+ (3-13)
Te
whereR andTe are as defined above, and:
a = Ratio of post-yield stiffness to effective

elastic stiffness, where the nonlinear force-
displacement relation is characterized by a
bilinear relation (Figure 3-1)

For a building with flexiblediaphragms (Section 3.2.4)
at each floor level, a target displacement shall be
estimated for each line of vertical seismic framing. The
target displacements shall be estimated using an
established procedure that accounts for the likely
nonlinear response of the seismic framing. One
procedure for evaluating the target displacement for an
individual line of vertical seismic framing is given by
Equation 3-11. The fundamental period of each vertical
line of seismic framing, for calculation of the target
displacement, shall follow the general procedures
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described for the NSP; masses shall be assigned to eachsponse, the calculated internal forces will be

level of the mathematical model on the basis of
tributary area.

For a building with neither rigid nor flexible

reasonable approximations of those expected during the
design earthquake.

Results of the NDP are to be checked using the

diaphragms at each floor level, the target displacementapplicable acceptance criteria of Section 3.4. Calculated

shall be calculated using rational procedures. One
acceptable procedure for including the effects of
diaphragm flexibility is to multiply the displacement
calculated using Equation 3-11 by the ratio of the

displacements and internal forces are compared directly
with allowable values.

3.34.2 Modeling and Analysis Assumptions

maximum displacement at any point on the roof and the,  soperal

displacement of the center of mass of the roof, both
calculated by modal analysis of a three-dimensional
model of the building using the design response

The NDP shall conform to the criteria of this section.
The analysis shall be based on characterization of the

spectrum. The target displacement so calculated shall b&€ismic hazard in the form of ground motion records
no less than that displacement given by Equation 3-11, (Section 2.6.2). The modeling and analysis

assuming rigid diaphragms at each floor level. No
vertical line of seismic framing shall be evaluated for

considerations set forth in Section 3.3.3.2 shall apply to
the NDP unless the alternative considerations presented

displacements smaller than the target displacement. Th&€low are applied.

target displacement should be modified according to
Section 3.2.2.2 to account for system torsion.

B. Floor Diaphragms

Floor diaphragms may be designed to resist
simultaneously both the seismic forces determined
using either Section 3.3.1.3D or Section 3.3.2.3B, and
the horizontal forces resulting from offsets in, or
changes in stiffness of, the vertical seismic framing
elements above and below the diaphragm.

3.3.4
3.34.1

Nonlinear Dynamic Procedure (NDP)

Basis of the Procedure

The NDP requires Time-History Analysis of a nonlinear
mathematical model of the building, involving a time-
step-by-time-step evaluation of building response,
using discretized recorded or synthetic earthquake
records as base motion input.

B. Ground Motion Characterization

The earthquake shaking shall be characterized by
ground motion time histories meeting the requirements
of Section 2.6.2.

C. Time-History Method
Time-History Analysis shall be performed using

Under the Nonlinear Dynamic Procedure (NDP), designhorizontal ground motion time histories prepared

seismic forces, their distribution over the height of the
building, and the corresponding internal forces and

according to the requirements of Section 2.6.2.2.

system displacements are determined using an inelastidultidirectional excitation effects shall be accounted

response history dynamic analysis.

for by meeting the requirements of Section 3.2.7. The
requirements of Section 3.2.7 may be satisfied by

The basis, modeling approaches, and acceptance criterhalysis of a three-dimensional mathematical model

of the NDP are similar to those for the NSP. The main

using simultaneously imposed pairs of earthquake

exception is that the response calculations are carried ground motion records along each of the horizontal axes

out using Time-History Analysis. With the NDP, the

of the building.

design displacements are not established using a target

displacement, but instead are determined directly
through dynamic analysis using ground motion

3.34.3 Determination of Actions and

Deformations

histories. Calculated response can be highly sensitive tq.. Modification of Demands

characteristics of individual ground motions; therefore
it is recommended to carry out the analysis with more

than one ground motion record. Because the numerical
model accounts directly for effects of material inelastic

' The effects of torsion shall be considered according to

Section 3.2.2.2.
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B. Floor Diaphragms B. Force-Controlled Actions

Floor diaphragms shall be designed to resist The value of a force-controlled design acti@u- need

simultaneously both the seismic forces calculated by not exceed the maximum action that can be developed
dynamic analysis and the horizontal forces resulting  in a component considering the nonlinear behavior of

from offsets in, or changes in stiffness of, the vertical  the building. It is recommended that this value be based

seismic framing elements above and below the on limit analysis. In lieu of more rational analysis,
diaphragm. design actions may be calculated according to
Equation 3-15 or Equation 3-16.

3.4 Acceptance Criteria

Q = Q; + —QE
3.41  General Requirements UF ~ C,C,C3J (3.15)
Components and elements analyzed using the linear
procedures of Sections 3.3.1 and 3.3.2 shall satisfy the Qe 3-16
requirements of this section and Section 3.4.2. Qur = + CC.C (3-16)
Components and elements analyzed using the nonlinear 1~2*-3

procedures of Sections 3.3.3 and 3.3.4 shall satisfy the
requirements of this section and Section 3.4.3. where:

For the purpose of evaluating acceptability, actions Que= Design actions due to gravity loads and

shall be categorized as being either deformation- earthquake loads

contr_olled or force-controlled, as defined in J = Force-delivery reduction factor given by

Foundations shall satisfy the criteria set forth in . . .

Chapter 4. Equation 3-16 can be used in all cases. Equation 3-15
can only be used if the forces contributing}g- are

3.4.2 Linear Procedures delivered by yielding components of the seismic

framing system.
3.4.2.1 Design Actions

A. Deformation-Controlled Actions The coefficient] shall be established using

Design action®,, shall be calculated according to Equation 3-17.

Equation 3-14. J = 1.0+ S, g, not to exceed 2 (3-17)

Qup = Qe* Qe (3-14)  Where:

where: Sys = Spectral acceleration, calculated in

. _ Section 2.6.1.4
Q ~ Action due to design earthquake loads

calculated using forces and analysis models

described in either Section 3.3.1 or Alternatively,J may be taken as equal to the smallest

DCR of the components in the load path delivering

Sec?tlon 3.3.2 _ _ force to the component in question.
Qs ~ Action due to design gravity loads as

defined in Section 3.2.8 3.4.22 Acceptance Criteria for Linear
Qup = Design action due to gravity loads and Procedures

earthquake loads A. Deformation-Controlled Actions

Deformation-controlled actions in primary and
secondary components and elements shall satisfy
Equation 3-18.
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MKQcg 2 Qup (3-18)

where:

Component or element demand modifier to
account for expected ductility of the
deformation associated with this action at
selected Performance Level (see Chapters 4
through 8)

Qce™ Expected strength of the component or
element at the deformation level under
consideration for deformation-controlled
actions

k = Knowledge factor (Section 2.7.2)

For Qcg, the expected strength shall be determined

considering all coexisting actions acting on the
component under the design loading condition.

possibility for inelastic flexural action at locations other
than member ends shall be specifically investigated by
comparing flexural actions with expected member
strengths. Formation of flexural plastic hinges away
from member ends shall not be permitted where design
is based on the LSP or the LDP.

3.4.3

3.431

Design actions (forces and moments) and deformations
shall be the maximum values determined from the NSP
or the NDP, whichever is applied.

Nonlinear Procedures

Design Actions and Deformations

3.4.3.2 Acceptance Criteria for Nonlinear

Procedures
A. Deformation-Controlled Actions

Primary and secondary components shall have expected
deformation capacities not less than the maximum

Procedures to determine the expected strength are give§eformations. Expected deformation capacities shall be

in Chapters 4 through 8.

B. Force-Controlled Actions

Force-controlled actions in primary and secondary
components and elements shall satisfy Equation 3-19.

KQeL 2 QuE (3-19)

where:
= Lower-bound strength of a component or
element at the deformation level under

consideration for force-controlled actions

QCL

For Qc(, the lower-bound strength shall be determined

considering all coexisting actions acting on the
component under the design loading condition.
Procedures to determine the lower-bound strength are
specified in Chapters 5 through 8.

C. \Verification of Design Assumptions

Each component shall be evaluated to determine that
assumed locations of inelastic deformations are
consistent with strength and equilibrium requirements
at all locations along the component length.

Where moments due to gravity loads in horizontally-
spanning primary components exceed 75% of the
expected moment strength at any location, the

determined considering all coexisting forces and
deformations. Procedures for determining expected
deformation capacities are specified in Chapters 5
through 8.

B. Force-Controlled Actions

Primary and secondary components shall have lower-
bound strength®-,  not less than the maximum
design actions. Lower-bound strength shall be
determined considering all coexisting forces and

deformations. Procedures for determining lower-bound
strengths are specified in Chapters 5 through 8.

3.5

This section provides definitions for all key terms used
in this chapter and not previously defined.

Definitions

Action: Sometimes called a generalized force, most
commonly a single force or moment. However, an
action may also be a combination of forces and
moments, a distributed loading, or any combination of
forces and moments. Actions always produce or cause
displacements or deformations. For example, a bending
moment action causes flexural deformation in a beam;
an axial force action in a column causes axial
deformation in the column; and a torsional moment
action on a building causes torsional deformations
(displacements) in the building.
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Base: The level at which earthquake effects are
considered to be imparted to the building.

Components: The basic structural members that 36
constitute the building, such as beams, columns, slabs,*"
braces, piers, coupling beams, and connections.

Target displacement: An estimate of the likely
building roof displacement in the design earthquake.

Symbols

This section provides symbols for all key variables used

Components, such as columns and beams, are combingg this chapter and not defined previously.

to form elements (e.g., a frame).

Control node: The node in the mathematical model
of a building used to characterize mass and earthquake
displacement.

C

1
Deformation: Relative displacement or rotation of
the ends of a component or element.
Displacement: The total movement, typically G,
horizontal, of a component or element or node.
Flexible diaphragm: A diaphragm that meets Cs
requirements of Section 3.2.4.
Framing type: Type of seismic resisting system. C

t

Element: An assembly of structural components that C
act together in resisting lateral forces, such as moment--vx
resisting frames, braced frames, shear walls, and

diaphragms. Fq
Fundamental period: The first mode period of the F, andF,
building in the direction under consideration.

F
Inter-story drift:  The relative horizontal px
displacement of two adjacent floors in a building. J

Inter-story drift can also be expressed as a percentage of
the story height separating the two adjacent floors.

Primary component: Those components that are
required as part of the building’s lateral-force-resisting = €
system (as contrasted to secondary components).

Rigid diaphragm: A diaphragm that meets [
requirements of Section 3.2.4

Secondary component: Those components that are Ly
not required for lateral force resistance (contrasted to
primary components). They may or may not actually CE
resist some lateral forces.

Stiff diaphragm: A diaphragm that meets
requirements of Section 3.2.4.

Modification factor to relate spectral
displacement and likely building roof
displacement

Modification factor to relate expected
maximum inelastic displacements to
displacements calculated for linear
elastic response

Modification factor to represent the
effect of hysteresis shape on the
maximum displacement response

Modification factor to represent
increased displacements due to second-
order effects

Numerical values following
Equation 3-4

Vertical distribution factor for the
pseudo lateral load

Total lateral load applied to a single bay
of a diaphragm

Lateral load applied at floor levéland
X, respectively

Diaphragm lateral force at floor level

A coefficient used in linear procedures to
estimate the actual forces delivered to
force-controlled components by other
(yielding) components.

Effective stiffness of the building in the
direction under consideration, for use
with the NSP

Elastic stiffness of the building in the
direction under consideration, for use
with the NSP

Single-bay diaphragm span

Expected strength of a component or
element at the deformation level under
consideration in a deformation-
controlled action
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QCL

Lower-bound estimate of the strength of
a component or element at the
deformation level under consideration
for force-controlled actions

Dead load force (action)

Earthquake force (action) calculated
using procedures of Section 3.3.1 or
3.3.2

Gravity load force (action)

Effective live load force (action)
Effective snow load force (action)
Deformation-controlled design action
Force-controlled design action

Ratio of the elastic strength demand to
the yield strength coefficient

Response spectrum acceleration at the
fundamental period and damping ratio of
the building,g

Spectral response acceleration at short
periods for any hazard level and
dampingg

Fundamental period of the building in
the direction under consideration

Effective fundamental period of the
building in the direction under
consideration, for use with the NSP
Elastic fundamental period of the
building in the direction under
consideration, for use with the NSP

Period at which the constant acceleration
and constant velocity regions of the
design spectrum intersect

Pseudo lateral load

Yield strength of the building in the
direction under consideration, for use
with the NSP

Total dead load and anticipated live load
Weight of floorsi andx, respectively
Lateral load per foot of diaphragm span

Acceleration o?cfwavity (386.1 in./sec
or 9,807 mm/secfor Sl units)

h; andh, Height from the base of a building to
floor levelsi andx, respectively

hn Height to roof level, ft

k Exponent used for determining the
vertical distribution of lateral forces

m A modification factor used in the
acceptance criteria of deformation-
controlled components or elements,
indicating the available ductility of a
component action

w; andw,  Portion of the total building weight
corresponding to floor levelsandx,
respectively

X Distance from the diaphragm center line

Aq Diaphragm deformation

A, Average in-plane wall displacement

a Ratio of post-yield stiffness to effective
stiffness

5 Target roof displacement
Yield displacement of building

y (Figure 3-1)

n Displacement multiplier, greater than
1.0, to account for the effects of torsion

2] Stability coefficient (Equation 2-14)—a

parameter indicative of the stability of a
structure under gravity loads and
earthquake-induced deflection

K Reliability coefficient used to reduce
component strength values for existing
components based on the quality of
knowledge about the components’
properties. (See Section 2.7.2.)
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Foundations and Geotechnical Hazards
4 . (Systematic Rehabilitation)

4.1 Scope 4.2.1 Foundation Soil Information

This chapter provides geotechnical engineering Specific information describing the foundation
guidance regarding building foundations and seismic- conditions of the building to be rehabilitated is required.
geologic site hazards. Acceptability of the behavior of Useful information also can be gained from knowledge
the foundation system and foundation soils for a given Of the foundations of adjacent or nearby buildings.
Performance Level cannot be determined apart from thé-oundation information may include subsurface soil

context of the behavior of the superstructure. and ground water data, configuration of the foundation
system, design foundation loads, and load-deformation

Geotechnical requirements for buildings that are characteristics of the foundation soils.

suitable for Simplified Rehabilitation are included in ) ) N

Chapter 10. 4211 Site Foundation Conditions

_ o , Subsurface soil conditions must be defined in sufficient
Structural engineering issues of foundation systems arejetail to assess the ultimate capacity of the foundation

discussed in the chapters on Steel (Chapter 5), Concretgnd to determine if the site is susceptible to seismic-
(Chapter 6), Masonry (Chapter 7), and Wood geologic hazards.

(Chapter 8).
Information regarding the structural foundation type,

This chapter describes rehabilitation measures for - dimensions, and material are required irrespective of
foundations and geotechnical site hazards. Section 4.2 the subsurface soil conditions. This information

provides guidelines for establishing site soil includes:

characteristics and identifying geotechnical site

hazards, including fault rupture, liquefaction, « Foundation type—spread footings, mat foundation,
differential compaction, landslide and rock fall, and piles, drilled shafts.

flooding. Techniques for mitigating these geotechnical

site hazards are described in Section 4.3. Section4.4 . Foundation dimensions_p|an dimensions and
presents criteria for establishing soil strength capacity,  |ocations. For piles, tip elevations, vertical variations
stiffness, and soil-structure interaction (SSI) parameters  (tapered sections of piles or belled caissons).

for making foundation design evaluations. Retaining

walls are discussed in Section 4.5. Section 4.6 contains  Material composition/construction. For piles, type

guidelines for improving or strengthening foundations.  (concrete/steel/wood), and installation method (cast-
in-place, open/closed-end driving).

4.2 Site Characterization Subsurface conditions shall be determined for the
The geotechnical requirements for buildings suitable forselected Performance Level as follows.
Simplified Rehabilitation are described in Chapter 10.

For all other buildings, specific geotechnical site A. Collapse Prevention and Life Safety Performance
characterization consistent with the selected method of ~ Levels

Systematic Rehabilitation is required. Site Determine type, composition, consistency, relative
characterization consists of the compilation of density, and layering of soils to a depth at which the
information on site subsurface soil conditions, stress imposed by the building is approximately 10% of
configuration and loading of existing building the building weight divided by the total foundation area.

foundations, and seismic-geologic site hazards.

Determine the location of the water table and its
In the case of historic buildings, the guidance of the  seasonal fluctuations beneath the building.
State Historic Preservation Officer should be obtained if
historic or archeological resources are present at the
site.

FEMA 273 Seismic Rehabilitation Guidelines 4-1



Chapter 4: Foundations and Geotechnical Hazards
(Systematic Rehabilitation)

B. Enhanced Rehabilitation Objectives and/or Deep
Foundations

For each soil type, determine soil unit weighsoil
shear strengtb, soil friction angleg, soil
compressibility characteristics, soil shear mod@ys
and Poisson’s ratio.

4.2.1.2
Specific foundation information developed for an

Nearby Foundation Conditions

adjacent or nearby building may be useful if subsurface

4.2.2.1 Fault Rupture

Geologic site conditions must be defined in sufficient
detail to assess the potential for the trace of an active
fault to be present in the building foundation soils. If the
trace of a fault is known or suspected to be present, the
following information may be required:

» The degree of activity—that is, the age of most
recent movement (e.g., historic, Holocene, late
Quaternary)—must be determined.

soils and ground water conditions in the site region are

known to be uniform. However, less confidence will
result if subsurface data are developed from anywhere
but the site being rehabilitated. Adjacent sites where
construction has been done recently may provide a

guide for evaluation of subsurface conditions at the site

being considered.

4.2.1.3

Information on the design foundation loads is required,
as well as actual dead loads and realistic estimates of
live loads.

Design Foundation Loads

4.2.1.4 Load-Deformation Characteristics

Under Seismic Loading

Traditional geotechnical engineering treats load-
deformation characteristics for long-term dead loads
plus frequently applied live loads only. In most cases,
long-term settlement governs foundation design. Short
term (earthquake) load-deformation characteristics hav
not traditionally been used for design; consequently,
such relationships are not generally found in the soils
and foundation reports for existing buildings. Load-
deformation relationships are discussed in detail in
Section 4.4.

4.2.2

In addition to ground shaking, seismic hazards include
surface fault rupture, liquefaction, differential
compaction, landsliding, and flooding. The potential for
ground displacement hazards at a site should be
evaluated. The evaluation should include an assessme
of the hazards in terms of ground movement. If
consequences are unacceptable for the desired
Performance Level, then the hazards should be
mitigated as described in Section 4.3.

Seismic Site Hazards

The fault type must be identified, whether strike-
slip, normal-slip, reverse-slip, or thrust fault.

» The sense of slip with respect to building geometry
must be determined, particularly for normal-slip and
reverse-slip faults.

Magnitudes of vertical and/or horizontal
displacements with recurrence intervals consistent
with Rehabilitation Objectives must be determined.

The width of the fault-rupture zone (concentrated in
a narrow zone or distributed) must be identified.

4.2.2.2 Liquefaction

Subsurface soil and ground water conditions must be
defined in sufficient detail to assess the potential for
liquefiable materials to be present in the building
foundation soils. If liquefiable soils are suspected to be

®resent, the following information must be developed.

Soil type: Liquefiable soils typically are granular
(sand, silty sand, nonplastic silt).

Soil density: Liquefiable soils are loose to medium
dense.

» Depth to water table: Liquefiable soils must be
saturated, but seasonal fluctuations of the water table
must be estimated.

Ground surface slope and proximity of free-face
conditions: Lateral-spread landslides can occur on
gently sloping sites, particularly if a free-face
condition—such as a canal or stream channel—is
present nearby.

Nt

Lateral and vertical differential displacement:
Amount and direction at the building foundation
must be calculated.
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The hazard of liquefaction should be evaluated initially « The geologic materials underlying the site are either
to ascertain whether the site is clearly free of a bedrock or have a very low liquefaction

hazardous condition or whether a more detailed susceptibility, according to the relative susceptibility
evaluation is required. It can be assumed generally that ratings based upon general depositional environment
a significant hazard due to liquefaction does not exist at and geologic age of the deposit, as shown in

a site if the site soils or similar soils in the site vicinity Table 4-1.

have not experienced historical liquefaction and if any

of the following criteria are met:

Table 4-1 Estimated Susceptibility to Liquefaction of Surficial Deposits During Strong Ground Shaking
(after Youd and Perkins, 1978)
Likelihood that Cohesionless Sediments, When Saturated,
General Distribution Would be Susceptible to Liquefaction (by Age of Deposit)
of Cohesionless
Sediments in Modern Holocene Pleistocene Pre-Pleistocene
Type of Deposit Deposits <500 yr. < 11,000 yr. < 2 million yr. > 2 million yr.
(a) Continental Deposits
River channel Locally variable Very high | High Low Very low
Flood plain Locally variable High Moderate Low Very low
Alluvial fan, plain Widespread Moderate | Low Low Very low
Marine terrace Widespread — Low Very low Very low
Delta, fan delta Widespread High Moderate Low Very low
Lacustrine, playa Variable High Moderate Low Very low
Colluvium Variable High Moderate Low Very low
Talus Widespread Low Low Very low Very low
Dune Widespread High Moderate Low Very low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very low Very low
Tuff Rare Low Low Very low Very low
Tephra Widespread High Low ? ?
Residual soils Rare Low High Very low Very low
Sebka Locally variable High Moderate Low Very low
(b) Coastal Zone Deposits
Delta Widespread Very high | High Low Very low
Esturine Locally variable High Moderate Low Very low
Beach, high energy Widespread Moderate | Low Very low Very low
Beach, low energy Widespread High Moderate Low Very low
Lagoon Locally variable High Moderate Low Very low
Foreshore Locally variable High Moderate Low Very low
(c) Fill Materials
Uncompacted fill Variable Very high | — — —
Compacted fill Variable Low — — —
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The soils underlying the site are stiff clays or clayey
silts, unless the soils are highly sensitive, based on
local experience; or, the soils are cohesionless (i.e.,
sand, silts, or gravels) with a minimum normalized
Standard Penetration Test (SPT) resistari¢gg,
value of 30 blows/foot for depths below the If a possible differential compaction hazard at the site
groundwater table, or with clay content greater than cannot be eliminated by applying the above criteria,
20%. The parameteN()gq is defined as the SPT then a more detailed evaluation is required. Guidance
blow count normalized to an effective overburden for a detailed evaluation is presented in the

pressure of 2 ksf. Clay has soil particles with Commentary

nominal diameters 0.005 mm.

geologic age (older than 11,000 years), stiff clays or
clayey silts, or cohesionless sands, silts, and gravels
with a minimum QNy)ego of 20 blows/0.3 m (20

blows/foot).

4224

Subsurface soil conditions must be defined in sufficient
detail to assess the potential for a landslide to cause
differential movement of the building foundation soils.
Hillside stability shall be evaluated at sites with:

Landsliding

The groundwater table is at least 35 feet below the
deepest foundation depth, or 50 feet below the
ground surface, whichever is shallower, including
considerations for seasonal and historic ground-
water level rises, and any slopes or free-face
conditions in the site vicinity do not extend below
the ground-water elevation at the site.

Existing slopes exceeding approximately 18 degrees
(three horizontal to one vertical)

If, by applying the above criteria, a possible
liquefaction hazard at the site cannot be eliminated,
then a more detailed evaluation is required. Guidance

Prior histories of instability (rotational or
translational slides, or rock fall)

for detailed evaluations is presented in@oenmentary

4.2.2.3 Differential Compaction

Pseudo-static analyses shall be used to determine site
stability, provided the soils are not liquefiable or
otherwise expected to lose shear strength during

Subsurface soil conditions must be defined in sufficientdeformation. Pseudo-static analyses shall use a seismic
detail to assess the potential for differential compactioncoefficient equal to one-half the peak ground

to occur in the building foundation soils.

Differential compaction or densification of soils may
accompany strong ground shaking. The resulting
differential settlements can be damaging to structures.

Types of soil that are susceptible to liquefaction (that is,

acceleration (calculated 8g42.5) at the site associated

with the desired Rehabilitation Objective. Sites with a
static factor of safety equal to or greater than 1.0 shall
be judged to have adequate stability, and require no
further stability analysis.

relatively loose natural soils, or uncompacted or poorly Sites with a static factor of safety of less than 1.0 will

compacted fill soils) are also susceptible to compaction
Compaction can occur in soils above and below the
groundwater table.

It can generally be assumed that a significant hazard
due to differential compaction does not exist if the soil
conditions meet both of the following criteria:

* The geologic materials underlying foundations and
below the groundwater table do not pose a
significant liquefaction hazard, based on the criteria
in Section 4.2.2.2.

The geologic materials underlying foundations and

require a sliding-block displacement analysis

(Newmark, 1965). The displacement analysis shall
determine the magnitude of potential ground movement
for use by the structural engineer in determining its
effect upon the performance of the structure and the
structure’s ability to meet the desired Performance
Level. Where the structural performance cannot
accommodate the computed ground displacements,
appropriate mitigation schemes shall be employed as
described in Section 4.3.4.

In addition to potential effects of landslides on
foundation soils, the possible effects of rock fall or slide
debris from adjacent slopes should be considered.

above the groundwater table are either Pleistocene in
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4.2.2.5 Flooding or Inundation be stiffened or strengthened to reach acceptable
For Performance Levels exceeding Life Safety, site ~ Performance. Measures are highly dependent on
specific structural characteristics and inadequacies.

conditions should be defined in sufficient detail to Grade beams and reinforced slabs are effective in
assess the potential for earthquake-induced flooding or.

inundation to prevent the rehabilitated building from Increasing resistance to horizontal displacement.

meeting the desired Performance Level. Sources of Ei‘é::é?]négl ]:crfiesc,?;e rsl‘ggiggﬁ]s Islrglrt?]?a?g S\I/frltrilc?al
earthquake-induced flooding or inundation include: . pacity ot spread 1ooting :
displacements are similar in nature to those caused by

long-term differential settlement. Mitigative techniques
include modifications to the structure or its foundation
to distribute the effects of differential vertical
movement over a greater horizontal distance to reduce
angular distortion.

» Dams located upstream damaged by earthquake
shaking or fault rupture

* Pipelines, aqueducts, and water-storage tanks
located upstream damaged by fault rupture,
earthquake-induced landslides, or strong shakin . .

q g 9 432 Liquefaction

* Low-lying coastal areas within tsunami zones or  The effectiveness of mitigating liquefaction hazards
areas adjacent to bays or lakes that may be subject tmust be evaluated by the structural engineer in the
seiche waves context of the global building system performance. If it

_ _ has been determined that liquefaction is likely to occur

* Low-lying areas with shallow ground water where  and the consequences in terms of estimated horizontal

regional subsidence could cause surface ponding ofand vertical displacements are unacceptable for the

water, resulting in inundation of the site desired Performance Level, then three general types of
mitigating measures can be considered alone or in
Potential damage to buildings from flooding or combination.
inundation must be evaluated on a site-specific basis.
Consideration must be given to potential scour of Modify the structure: The structure can be
building foundation soils from swiftly flowing water.  strengthened to improve resistance against the predicted

liquefaction-induced ground deformation. This solution
4.3 Mitigation of Seismic Site may be feasible for small ground deformations.
Hazards Modify the foundation: The foundation system can be
modified to reduce or eliminate the potential for large
foundation displacements; for example, by
nderpinning existing shallow foundations to achieve
earing on deeper, nonliquefiable strata. Alternatively

Opportunities exist to improve seismic performance
under the influence of some site hazards at reasonable
cost; however, some site hazards may be so severe th%{

they are economically impractical to include in risk- 5y concert with the use of deep foundations), a
reduction measures. The discussions presented below shallow foundation system can be made more rigid (for

are based on the concept that the extent of site hazard%xample by a system of grade beams between isolated

e ey, nl20ngS) I rder o fdce e feental goung
9 ! ’ movements transmitted to the structure.

decision to rehabilitate a building and the selection of a
Rehabilitation Objective may have been made with full

knowledge that significant site hazards exist and must

be mitigated as part of the rehabilitation.

Modify the soil conditions: A number of types of
ground improvement can be considered to reduce or
eliminate the potential for liquefaction and its effects.
Techniques that generally are potentially applicable to
4.3.1 Fault Rupture existing buildings include soil grouting, either

Large movements caused by fault rupture generally ~ throughout the entire liquefiable strata beneath a
cannot be mitigated economically. If the structural building, or locally beneath foundation elements (e.g.,
consequences of the estimated horizontal and vertical grouted soil columns); installation of drains (e.g., stone
displacements are unacceptable for any Performance columns); and installation of permanent dewatering

Level, either the structure, its foundation, or both, might systems. Other types of ground improvement that are
widely used for new construction are less applicable to
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existing buildings because of the effects of the
procedures on the building. Thus, removal and
replacement of liquefiable soil or in-place densification
of liquefiable soil by various techniques are not
applicable beneath an existing building.

— Building strengthening to resist deformation

- Grade beams
- Shear walls

Soil Modification/Replacement

If potential for significant liquefaction-induced lateral
spreading movements exists at a site, then the
remediation of the liquefaction hazard may be more
difficult. This is because the potential for lateral
spreading movements beneath a building may depend -
on the behavior of the soil mass at distances well

beyond the building as well as immediately beneath it. The effectiveness of any of these schemes must be
Thus, measures to prevent lateral spreading may, in  considered based upon the amount of ground movement
some cases, require stabilizing large soil volumes and/ that the building can tolerate and still meet the desired
or constructing buttressing structures that can reduce Performance Level.

the potential for, or the amount of, lateral movements.

— Grouting

Densification

4.3.5

4.3.3 The effectiveness of mitigating flooding or inundation
The effectiveness of mitigating differential compaction hazards must be evaluated by the structural engineer in
hazards must be evaluated by the structural engineer irthe context of the global building system performance.
the context of the global building system performance. Potential damage caused by earthquake-induced
For cases of predicted significant differential flooding or inundation may be mitigated by a number of
settlements of a building foundation, mitigation options schemes, as follows:
are similar to those described above to mitigate
liquefaction hazards. There are three options: designing
for the ground movements, strengthening the
foundation system, and improving the soil conditions.

» Diversion of anticipated peak flood flows

Flooding or Inundation
Differential Compaction

Improvement of nearby dam, pipeline, or aqueduct
facilities independent of the rehabilitated building

434 Landslide

The effectiveness of mitigating landslide hazards must
be evaluated by the structural engineer in the context of
the global building system performance. A number of
schemes are available for reducing potential impacts for
earthquake-induced landslides, including:

Installation of pavement around the building to
minimize scour

Construction of sea wall or breakwater for tsunami
or seiche protection

+ Regrading 4.4 Foundation Strergth and

. Stiffness
* Drainage
It is assumed in this section that the foundation soils are
not susceptible to significant strength loss due to
earthquake loading. With this assumption, the following
paragraphs provide an overview of the requirements
and procedures for evaluating the ability of foundations
to withstand the imposed seismic loads without
excessive deformations. If soils are susceptible to
significant strength loss, due to either the direct effects
of the earthquake shaking on the soil or the foundation
loading on the soil induced by the earthquake, then
either improvement of the soil foundation condition
should be considered or special analyses should be

¢ Buttressing

e Structural Improvements

Gravity walls

Tieback/soil nail walls

Mechanically stabilized earth walls

Barriers for debris torrents or rock fall
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carried out to demonstrate that the effects of soll properties (see Section 4.2.1.1) and the requirements of
strength loss do not result in excessive structural the selected Performance Level.
deformations.

4411 Presumptive Ultimate Capacities
Consideration of foundation behavior is only one part of
seismic rehabilitation of buildings. Selection of the
desired Rehabilitation Objective probably will be done
without regard to specific details of the building,
including the foundation. The structural engineer will
choose the appropriate type of analysis procedures for

Presumptive capacities are to be used when the amount
of information on foundation soil properties is limited
and relatively simple analysis procedures are used.
Presumptive ultimate load parameters for spread
footings and mats are presented in Table 4-2.

the selected Performance Level (e.g., Systematic - - "
Rehabilitation, with Linear Static or Dynamic 4.4.1.2 Prescriptive Ultimate Capacities
Procedures, or Nonlinear Static or Dynamic Prescriptive capacities may be used when either
Procedures). As stated previously, foundation construction documents for the existing building or
requirements for buildings that qualify for Simplified ~ previous geotechnical reports provide information on
Rehabilitation are included in Chapter 10. foundation soils design parameters.

441 Ultimate Bearing Capacities and Load  The ultimate prescriptive bearing pressure for a spread
Capacities footing may be assumed to be twice the allowable dead

, , , plus live load bearing pressure specified for design.
The ultimate load capacity of foundation components

may be determined by one of the three methods

t . =2 4-1
specified below. The choice of method depends on the Ge Gallow.D +L (4-1)
completeness of available information on foundation
Table 4-2 Presumptive Ultimate Foundation Pressures

Lateral Bearing Lateral Sliding 1
. . Pressure
Vertical Foundation Lbs./Sq. Ft./Ft. of
5 Pressure 3 Depth Below 4 5 Resistance ©
Class of Materials Lbs./Sq. Ft. (q.) Natural Grade Coefficient Lbs./Sq. Ft.
Massive Crystalline Bedrock 8000 2400 0.80 —
Sedimentary and Foliated Rock 4000 800 0.70 —
Sandy Gravel and/or Gravel (GW 4000 400 0.70 —
and GP)
Sand, Silty Sand, Clayey Sand, Silty | 3000 300 0.50 —
Gravel, and Clayey Gravel (SW, SP,
SM, SC, GM, and GC)
Clay, Sandy Clay, Silty Clay, and 20007 200 — 260
Clayey Silt (CL, ML, MH, and CH)

1. Lateral bearing and lateral sliding resistance may be combined.

2. For soll classifications OL, OH, and PT (i.e., organic clays and peat), a foundation investigation shall be required.

3. All values of ultimate foundation pressure are for footings having a minimum width of 12 inches and a minimum deptthe 12t@oatural grade.
Except where Footnote 7 below applies, increase of 20% allowed for each additional foot of width or depth to a maximuthresuarefs the
designated value.

4. May be increased by the amount of the designated value for each additional foot of depth to a maximum of 15 timestte: \dedagna

5. Coefficient applied to the dead load.

6. Lateral sliding resistance value to be multiplied by the contact area. In no case shall the lateral sliding resistance daétdt dead load.

7. No increase for width is allowed.
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For deep foundations, the ultimate prescriptive vertical
capacity of individual piles or piers may be assumed to
be 50% greater than the allowable dead plus live loads
specified for design.

QC = l'5Qallow.D +L (4'2)

As an alternative, the prescriptive ultimate capacity of
any footing component may be assumed to be 50%
greater than the total working load acting on the
component, based on analyses using the original desig
requirements.

Q¢ = 1.5Qax (4-3)

where Qnax = Qp+ QL + Qs

44.1.3

A detailed analysis may be conducted by a qualified
geotechnical engineer to determine ultimate foundation
capacities based on the specific characteristics of the
building site.

Site-Specific Capacities

4472 Load-Deformation Characteristics for

Foundations

Load-deformation characteristics are required where the

effects of foundations are to be taken into account in
Linear Static or Dynamic Procedures (LSP or LDP),
Nonlinear Static (pushover) Procedures (NSP), or
Nonlinear Dynamic (time-history) Procedures (NDP).
Foundation load-deformation parameters characterized
by both stiffness and capacity can have a significant
effect on both structural response and load distribution
among structural elements.

Foundation systems for buildings can in some cases bé

the likely variability of soils supporting foundations, an
equivalent elasto-plastic representation of
load-deformation behavior is recommended. In
addition, to allow for such variability or uncertainty, an
upper and lower bound approach to defining stiffness
and capacity is recommended (as shown in Figure 4-1a)
to permit evaluation of structural response sensitivity.
The selection of uncertainty represented by the upper
and lower bounds should be determined jointly by the
geotechnical and structural engineers.

n

Upper bound

Lower bound

Load

Deformation

@)

D

Sr

sh

SV

Foundation load Uncoupled spring model

(b)

1Y

complex, but for the purpose of simplicity, three
foundation types are considered in th€sgdelines

shallow bearing foundations

pile foundations

drilled shafts

While it is recognized that the load-deformation
behavior of foundations is nonlinear, because of the
difficulties in determining soil properties and static
foundation loads for existing buildings, together with

Figure 4-1 (a) Idealized Elasto-Plastic Load-
Deformation Behavior for Soils
(b) Uncoupled Spring Model for Rigid
Footings

4421 Shallow Bearing Foundations

A. Stiffness Parameters

The shear modulu§, for a soil is related to the
modulus of elasticity, and Poisson’s ratia, by the
relationship

4-8
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E

C= 21y

(4-4)

Most soils are intrinsically nonlinear and the shear wave
modulus decreases with increasing shear strain. The

large-strain shear wave velocity, , and the effective

Poisson’s ratio may be assumed as 0.35 for unsaturateghear moduluss, can be estimated based on the

soils and 0.50 for saturated soils.

The initial shear modulu&,, is related to the shear

wave velocity at low strainsg, and the mass density of
the soil,p, by the relationship

2
G, = pVs (4-5)

(In the fonts currently in use in ti@&uidelines the
italicizedv is similar to the Greelk.) Converting mass
density to unit weighty, gives an alternative expression

G, = == (4-6)

whereg is acceleration due to gravity.

The initial shear modulus also has been related to

normalized and corrected blow coud, ) , and
160

effective vertical stress% , as follows (from Seed et
al., 1986):

1/3 —
G, 020,000(N,)g7 " [0t (4-7)

where;

(NDeq = Blow count normalized for 1.0 ton per
60 square foot confining pressure and 60%
energy efficiency of hammer

oy = Effective vertical stress in psf
and

0, = yd-vy,(d-d,)

% = Total unit weight of soil

Y = Unit weight of water

d = Depth to sample

dyy = Depth to water level

It should be noted that tit&, in Equation 4-7 is

expressed in pounds per square foot, agjis

Effective Peak Acceleration coefficient for the
earthquake under consideration, in accordance with
Table 4-3.

Table 4-3 Effective Shear Modulus and Shear
Wave Velocity

Effective Peak
Acceleration, Sxg/2.5

0.10 0.70
Ratio of effective to initial shear 0.50 0.20
modulus (G/G,)
Ratio of effective to initial shear 0.71 0.45

wave velocity (v;/ Vg)

Notes:

1. Site-specific values may be substituted if documented in a detailed
geotechnical site investigation.

2. Linear interpolation may be used for intermediate values.

To reflect the upper and lower bound concept illustrated
in Figure 4-1a in the absence of a detailed geotechnical
site study, the upper bound stiffness of rectangular
footings should be based on twice the effective shear
modulus,G, determined in accordance with the above
procedure. The lower bound stiffness should be based
on one-half the effective shear modulus. Thus the range
of stiffness should incorporate a factor of four from
lower to upper bound.

Most shallow bearing footings are stiff relative to the
soil upon which they rest. For simplified analyses, an
uncoupled spring model, as shown in Figure 4-1b, may
be sufficient. The three equivalent spring constants may
be determined using conventional theoretical solutions
for rigid plates resting on a semi-infinite elastic
medium. Although frequency-dependent solutions are
available, results are reasonably insensitive to loading
frequencies within the range of parameters of interest
for buildings subjected to earthquakes. It is sufficient to
use static stiffnesses as representative of repeated
loading conditions.

Figure 4-2 presents stiffness solutions for rectangular
plates in terms of an equivalent circular radius.
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Stiffnesses are adjusted for shape and depth using
factors similar to those in Figure 4-3. Other
formulations incorporating a wider range of variables
may be found in Gazetas (1991). For the case of
horizontal translation, the solution represents
mobilization of base traction (friction) only. If the sides
of the footing are in close contact with adjacent in situ
foundation soil or well-compacted fill, significant
additional stiffness may be assumed from passive
pressure. A solution for passive pressure stiffness is
presented in Figure 4-4.

For more complex analyses, a finite element
representation of linear or nonlinear foundation
behavior may be accomplished using Winkler
component models. Distributed vertical stiffness
properties may be calculated by dividing the total
vertical stiffness by the area. Similarly, the uniformly
distributed rotational stiffness can be calculated by
dividing the total rotational stiffness of the footing by
the moment of inertia of the footing in the direction of
loading. In general, however, the uniformly distributed

B = Width

For most flexible foundation systems, the unit subgrade
spring coefficientkg,, may be taken as

_ _13G
v Bi_v) (4-9)

B. Capacity Parameters

The specific capacity of shallow bearing foundations
should be determined using fully plastic concepts and
the generalized capacities of Section 4.4.1. Upper and
lower bounds of capacities, as illustrated in Figure 4-1a,
should be determined by multiplying the best estimate
values by 2.0 and 0.5, respectively.

In the absence of moment loading, the vertical load
capacity of a rectangular footing of widBhand length
Lis

Q. = q.BL (4-10)

vertical and rotational stiffnesses are not equal. The two o _ . _
may be effectively decoupled for a Winkler model using For rigid footings subject to moment and vertical load,
a procedure similar to that illustrated in Figure 4-5. The contact stresses become concentrated at footing edges,

ends of the rectangular footing are represented by end particularly as uplift occurs. The ultimate moment

zones of relatively high stiffness over a length of
approximately one-sixth of the footing width. The

capacityM, is dependent upon the ratio of the vertical
load stressg, to the vertical stress capacity,

stiffness per unit length in these end zones is based onassuming that contact stresses are proportional to

the vertical stiffness of B x B/6 isolated footing. The

vertical displacement and remain elastic up to the

stiffness per unit length in the middle zone is equivalentyertical stress capacity,, it can be shown that uplift

to that of an infinitely long strip footing.

In some instances, the stiffness of the structural
components of the footing may be relatively flexible
compared to the soil material; for example, a slender

will occur prior to plastic yielding of the soil wheyio,
is less than 0.5. l/q. is greater than 0.5, then the soil

at the toe will yield prior to uplift. This is illustrated in
Figure 4-6. In general the moment capacity of a

grade beam resting on stiff soil. Classical solutions for rectangular footing may be expressed as:

beams on elastic supports can provide guidance on

when such effects are important. For example, a grade M. = EE%L__QLD (4-11)
beam supporting point loads spaced at a distantce of ¢ 2 qcD
might be considered flexible if:
where
El
[2 < 10kg,B (4-8)  p = \Vertical load
- P

where, for the grade beam, a = BL
E = Effective modulus of elasticity B = Footing width
| = Moment of inertia L = Footing length in direction of bending
4-10 Seismic Rehabilitation Guidelines FEMA 273
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Radii of circular footings equivalent to rectangular footings

Equivalent circular footing

Rectangular footing

Degree of freedom

Rocking Torsion
Translation - - -
About x-axis About y-axis About z-axis
3
Equivalent (ﬂ)lm ( B L 14 ( B3\ 1/4 [B L(B 2, LZ) 1/4
radius, R n 3 M 3m 6Tl

Spring constants for embedded rectangular footings

Spring constants for shallow rectangular footings are obtained
by modifying the solution for a circular footing, bonded to
the surface of an elastic half-space, i.e., k=apBk,
where
ko = Stiffness coefficient for the equivalent circular footing
a = Foundation shape correction factor (Figure 4-3a)
B = Embedment factor (Figure 4-3b)

To use the equation, the radius of an equivalent circular footing
is first calculated according to the degree of freedom being
considered. The figure above summarizes the appropriate radii.
kg is calculated using the table below:

Horizontal translation

2-V
3

Torsional rotation 16 S R
3

. . 8GR
Rocking rotation 3(1-V)

Displacement degree of freedom ko Note:
G and V are the
Vertical translation 416 R shear modulus and
-V Poisson's ratio for
8GR the elastic half-space.

G is related to Young's
modulus, E, as follows:
E=2(1+v)G

R = Equivalent radius

Figure 4-2

Elastic Solutions for Rigid Footing Spring Constants (based on Gazetas, 1991 and Lam et al., 1991)
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Figure 4-3 (a) Foundation Shape Correction Factors (b) Embedment Correction Factors
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4 |
| = Dimension of long side of contact area
d = Dimension of short side of contact area

3 /
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K, = 2G (1+v)/
A(1-v?)
1 10 100
//d
Figure 4-4 Lateral Foundation-to-Soil Stiffness for Passive Pressure (after Wilson, 1988)

The lateral capacity of a footing should assumed to be where the footing in the figure represents the pile cap.
attained when the displacement, considering both baseln the case of the vertical and rocking springs, it can be
traction and passive pressure stiffnesses, reaches 2% @issumed that the contribution of the pile cap is

the thickness of the footing. Upper and lower bounds ofrelatively small compared to the contribution of the

twice and one-half of this value, respectively, also piles. In general, mobilization of passive pressures by

apply. either the pile caps or basement walls will control
lateral spring stiffness. Hence, estimates of lateral

4.4.2.2 Pile Foundations spring stiffness can be computed using elastic solutions

Pile foundations, in the context of this subsection, refer®S described in Section 4.4.2.1A. In instances where
to those foundation systems that are composed of a pil€/|€S May contribute significantly to lateral stiffness
cap and associated driven or cast-in-place piles, which bléeai’mv-?:gylusrﬁfr: S‘ijlgsr’n%%t:;e;;lr'g;)), rﬁﬂgﬂzg(sj using
together form a pile group. A single pile group may P :
support a load-bearing column, or a linear sequence of , . | . . .
pile groups may support a shear wall. Axial pile group stiffness spring valudsg,, may be
assumed to be in an upper and lower bound range,

Generally, individual piles in a group could be expected "€Spectively, given by:

to be less than two feet in diameter. The stiffness

characteristics of single large-diameter piles or drilled N N

shafts are described in Section 4.4.2.3. ksy = Y = o % =— (4-12)
n=1

A. Stiffness Parameters

For the purpose of simplified analyses, the uncoupled
spring model as shown in Figure 4-1b may be used
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L
5 (length) N
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Figure 4-5 Vertical Stiffness Modeling for Shallow Bearing Footings
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O

i <05
qC
P
q
a > 0.5
dc
Figure 4-6
where
A = Cross-sectional area of a pile

E
L
N

The rocking spring stiffness values about each

Modulus of elasticity of piles
Length of piles
Number of piles in group

Idealized Concentration of Stress at Edge of Rigid Footings Subjected to Overturning Moment

Whereas the effects of group action and the influence of
pile batter are not directly accounted for in the form of
the above equations, it can be reasonably assumed that
the latter effects are accounted for in the range of
uncertainties expressed for axial pile stiffness.

B. Capacity Parameters

Best-estimate vertical load capacity of piles (for both
axial compression and axial tensile loading) should be

horizontal pile cap axis may be computed by assuming getermined using accepted foundation engineering
each axial pile spring acts as a discrete Winkler spring. yractice, using best estimates of soil properties.

The rotational spring constant (moment per unit

rotation) is then given by:

N
ey = glkvnSﬁ

Consideration should be given to the capability of pile
cap and splice connections to take tensile loads when
evaluating axial tensile load capacity. Upper and lower
bound axial load capacities should be determined by
multiplying best-estimate values by factors of 2.0 and
0.5, respectively.

where The upper and lower bound moment capacity of a pile
group should be determined assuming a rigid pile cap,

kyy, = Axial stiffness of the nth pile leading to an initial triangular distribution of axial pile

S, = Distance between nth pile and axis of rotation loading from applied seismic moments. However, full
axial capacity of piles may be mobilized when
computing ultimate moment capacity, leading to a
rectangular distribution of resisting moment in a

FEMA 273 Seismic Rehabilitation Guidelines 4-15



Chapter 4: Foundations and Geotechnical Hazards
(Systematic Rehabilitation)

manner analogous to that described for a footing in  Geotechnical components include the soil parts of

Figure 4-6. shallow spread footings and mats, and friction- and end-
bearing piles and piers. These criteria, summarized in

The lateral capacity of a pile group is largely dependentTable 4-4, apply to all actions including vertical loads,

on that of the cap as itis restrained by passive resistanceioments, and lateral forces applied to the soil.

of the adjacent soil material. The capacity may be

assumed to be reached when the displacement reached.4.3.1 Simplified Rehabilitation

2% of the depth of the cap in a manner similar to that

for a shallow bearing foundation. The geotechnical components of buildings qualified for

and subject to Simplified Rehabilitation may be
. considered acceptable if they comply with the
4423 Drilled Shafts requirements of ghapter 10. P
In general, drilled shaft foundations or piers may be

treated similarly to pile foundations. When the diameter 4.4.3.2 Linear Procedures
of the shaft becomes large (> 24 inches), the bending
and the lateral stiffness and strength of the shaft itself
may contribute to the overall capacity. This is obviously
necessary for the case of individual shafts supporting
isolated columns. In these instances, the interaction of
the soil and shaft may be represented using Winkler
type models (Pender, 1993; Reese et al., 1994).

The acceptability of geotechnical components subject to
linear procedures depends upon the basic modeling
assumptions utilized in the analysis, as follows.

Fixed Base Assumption. If the base of the structure has
been assumed to be completely rigid, actions on
geotechnical components shall be as on force-controlled
components governed by Equation 3-15 and component

4.4.3  Foundation Acceptability Criteria capacities may be assumed as upper-bound values. A
This section contains acceptability criteria for the fixed base assumption is not recommended for the
geotechnical components of building foundations. Immediate Occupancy Performance Level for buildings
Structural components of foundations shall meet the ~ Sensitive to base rotations or other types of foundation
appropriate requirements of Chapters 5 through 8. movement.
Table 4-4 Soil Foundation Acceptability Summary
Performance Level
Foundation
Analysis Procedure Assumption Collapse Prevention and Life Safety Immediate Occupancy
Simplified See Chapter 10 Not applicable.
Rehabilitation
Linear Static or Fixed Actions on geotechnical components shall Not recommended for buildings
Dynamic be assumed as on force-controlled sensitive to base rotation or other
components governed by Equation 3-15 foundation movements.
and component capacities may be assumed
as upper bound values.
Flexible m = oo for use in Equation 3-18 m = 2.0 for use in Equation 3-18
Nonlinear Static or Fixed Base reactions limited to upper bound Not recommended for buildings
Dynamic ultimate capacity. sensitive to base rotation or other
foundation movements.
Flexible Geotechnical component displacements Estimate and accommodate possible
need not be limited, provided that structure permanent soil movements.
can accommodate the displacements.

Flexible Base Assumption. If the base of the structure  assumed as infinite, provided the resulting

is modeled using linear geotechnical components, thendisplacements may be accommodated within the

the value ofn, for use in Equation 3-18, for Life Safety acceptability criteria for the rest of the structure. For the
and Collapse Prevention Performance Levels may be
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Immediate Occupancy Performance Leveisalues where
for geotechnical components shall be limited to 2.0.

Ap = Additional earth pressure due to seismic
4.4.3.3 Nonlinear Procedures shaking, which is assumed to be a uniform
The acceptability of geotechnical components subject to pre§sure o o ) )
nonlinear procedures depends upon the basic modelin = Horizontal seismic coefficient in the sail,
assumptions utilized in the analysis, as follows. which may be assumed equaSgs/2.5

= The total unit weight of soll

Fixed Base Assumption. If the base of the structure has . .
P = The height of the retaining wall

been assumed to be completely rigid, then the base rw

reactions for all geotechnical components shall not

exceed their upper-bound capacity to meet Collapse  The seismic earth pressure given above should be added

Prevention and Life Safety Performance Levels. A rigid to the unfactored static earth pressure to obtain the total

base assumption is not recommended for the Immediat@arth pressure on the wall. The expression in

Occupancy Performance Level for buildings sensitive Equation 4-14 is a conservative approximation of the

to base rotations or other types of foundation Mononabe-Okabe formulation. The pressure on walls

movement. during earthquakes is a complex action. If walls do not
have the apparent capacity to resist the pressures

Flexible Base Assumption. If the base of the structure estimated from the above approximate procedures’

is modeled using flexible nonlinear geotechnical detailed investigation by a qualified geotechnical
components, then the resulting component engineer is recommended.

displacements need not be limited to meet Life Safety
and Collapse Prevention Performance Levels, provided . . o
the resulting displacements may be accommodated 4.6 Soil Foundation Rehabilitation
within the acceptability criteria for the rest of the
structure. For the Immediate Occupancy Performance
Level, an estimate of the permanent nonrecoverable
displacement of the geotechnical components shall be
made based upon the maximum total displacement,
foundation and soil type, soil layer thicknesses, and
other pertinent factors. The acceptability of these
displacements shall be based upon their effects on the
continuing function and safety of the building.

This section provides guidelines for modification to
foundations to improve anticipated seismic
performance. Specifically, the scope of this section
includes suggested approaches to foundation
modification and behavioral characteristics of
foundation elements from a geotechnical perspective.
These must be used in conjunction with appropriate
structural material provisions from other chapters.
Additionally, the acceptability of a modified structure is
determined in accordance with Chapter 2 of the

4.5 Retaining Walls Guidelines

Past earthquakes have not caused extensive damage tg 6.1 Soil Material Improvements

building walls below grade. In some cases, however, it _ _ _

may be advisable to verify the adequacy of retaining ~ Soil improvement options to increase the vertical
walls to resist increased pressure due to seismic bearlng CapaCIty of fOOtlng founda.tlo'ns are limited. Soil
loading. These situations might be for walls of poor ~ removal and replacement and soil vibratory
construction quality, unreinforced or lightly reinforced densification usually are not feasible because they
walls, walls of archaic materials, unusually tall or thin would induce settlements beneath the footings or be
walls, damaged walls, or other conditions implying a  €xpensive to implement without causing settlement.

sensitivity to increased loads. The seismic earth Grouting may be considered to increase bearing _
pressure acting on a bu||d|ng wall retaining CapaCIty. Different groutlng teChanueS are discussed in
nonsaturated, level soil above the ground-water table theCommentanSection C4.3.2. Compaction grouting
may be approximated as: can achieve densification and strengthening of a variety
of soil types and/or extend foundation loads to deeper,
Ap = 0.4k y,H (4-14) stronger soils. The technique requires careful control to
) rw

avoid causing uplift of foundation elements or adjacent
floor slabs during the grouting process. Permeation
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grouting with chemical grouts can achieve substantial 4.6.3 Piers and Piles
strengthening of sandy soils, but the more fine-grained
or silty the sand, the less effective the technique
becomes. Jet grouting could also be considered. Thes
same techniques also may be considered to increase t
lateral frictional resistance at the base of footings.

Piles and pile caps shall have the capacity to resist
eadditional axial and shear loads caused by overturning
ngces. Wood piles cannot resist uplift unless a positive
connection is provided for the loads. Piles must be
reviewed for deterioration caused by decay, insect

Options that can be considered to increase the passive'nfeStat'on’ or other signs of distress.

resistance of soils adjacent to foundations or grade
beams include removal and replacement of soils with
stronger, well-compacted soils or with treated (e.g.,
cement-stabilized) soils; in-place mixing of soils with
strengthening materials (e.g., cement); grouting,
including permeation grouting and jet grouting; and in-
place densification by impact or vibratory compaction
(if the soil layers to be compacted are not too thick an
vibration effects on the structure are tolerable).

Driven piles made of steel, concrete, or wood, or cast-
in-place concrete piers may be used to support new
structural elements such as shear walls or frames.
Capacities and stiffnesses may be determined in
accordance with the procedures of Section 4.4. When
used in conjunction with existing spread footing
dfoundations, the effects of differential foundation
stiffness should be considered in the analysis of the
modified structure.

4.6.2 Spread Footings and Mats Driven piles made of steel, concrete, or wood, or cast-

New isolated or spread footings may be added to in-place concrete piers may be used to supplement the
existing structures to support new structural elements vertical and lateral capacities of existing pile and pier
such as shear walls or frames. In these instances, foundation groups and of existing isolated and
capacities and stiffness may be determined in continuous spread footings. Capacities and stiffnesses
accordance with the procedures of Section 4.4. may be determined in accordance with the procedures

of Section 4.4. If existing loads are not redistributed by
Existing isolated or spread footings may be enlarged toshoring and/or jacking, the potential for differential
increase bearing or uplift capacity. Generally, capacitiesstrengths and stiffnesses among individual piles or piers
and stiffness may be determined in accordance with theshould be included.
procedures of Section 4.4; however, consideration of
existing contact pressures on the strength and stiffness o
of the madified footing may be required, unless a 4.7 Definitions

uniform distribution is achieved by shoring and/or Allowable bearing capacity: Foundation load or

jacking. stress commonly used in working-stress design (often

L _ controlled by long-term settlement rather than soil
Existing isolated or spread footings may be strength).

underpinned to increase bearing or uplift capacity. This
technique improves bearing capacity by lowering the
contact horizon of the footing. Uplift capacity is
improved by increasing the resisting soil mass above
the footing. Generally, capacities and stiffness may be
determined in accordance with the procedures of
Section 4.4. Considerations of the effects of jacking and
load transfer may be required.

Deep foundation: Piles or piers.

Differential compaction: An earthquake-induced
process in which loose or soft soils become more
compact and settle in a nonuniform manner across a
site.

, . . . Fault: Plane or zone along which earth materials on
Where potential for differential lateral displacement of - 50site sides have moved differentially in response to
building foundations exists, provision of tectonic forces.

interconnection with grade beams or a well-reinforced
grade slab can provide good mitigation of these effeCtS-Footing: A structural component transferring the

Ties provided to withstand differential lateral ___weight of a building to the foundation soils and resisting
displacement should have a strength based on rational |5iara| l0ads.

analysis, with the advice of a geotechnical engineer
when appropriate.
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Foundation soils: Soils supporting the foundation 4.8
system and resisting vertical and lateral loads.

>

Foundation springs: Method of modeling to
incorporate load-deformation characteristics of
foundation soils.

Foundation system: Structural components
(footings, piles).

Landslide: A down-slope mass movement of earth
resulting from any cause.

I T OGO MmMOoOw

Liguefaction: An earthquake-induced process in

which saturated, loose, granular soils lose a substantial
amount of shear strength as a result of increase in pore§L
water pressure during earthquake shaking. L

Pier:  Similar to pile; usually constructed of concrete
and cast in place.

I\/IC
Pile: A deep structural component transferring the
weight of a building to the foundation soils and resisting

vertical and lateral loads; constructed of concrete, steel,(Nl)60

or wood; usually driven into soft or loose soils.

Prescriptive ultimate bearing capacity:
Assumption of ultimate bearing capacity based on
properties prescribed in Section 4.4.1.2. P

Qp
Presumptive ultimate bearing capacity: Q
Assumption of ultimate bearing capacity based on E
allowable loads from original design. QL

Retaining wall: A free-standing wall that has soil on
one side.

Shallow foundation: Isolated or continuous spread Qe
footings or mats. Qs

SPT N-Values: Using a standard penetration test

(ASTM Test D1586), the number of blows of a 140- Sxs
pound hammer falling 30 inches required to drive a
standard 2-inch-diameter sampler a distance of S
12 inches.

Ultimate bearing capacity: Maximum possible
foundation load or stress (strength); increase in
deformation or strain results in no increase in load or
stress. c

Qallow.D+L

Symbols

Footing area; also cross-section area of
pile

Width of footing

Depth of footing bearing surface
Young’s modulus of elasticity

Shear modulus

Initial or maximum shear modulus

Horizontal load on footing
Height of retaining wall

Moment of inertia
Passive pressure stiffness

Length of footing in plan dimension
Length of pile in vertical dimension
Moment on footing

Ultimate moment capacity of footing

Number of piles in a pile group

Standard Penetration Test blow count
normalized for an effective stress of 1 ton
per square foot and corrected to an
equivalent hammer energy efficiency of
60%

Vertical load on footing

Dead (static) load

Earthquake load

Live (frequently applied) load

Allowable working dead plus live load for

a pile as specified in original design
documents

Ultimate bearing capacity
Snow load

Radius of equivalent circular footing

Spectral response acceleration at short
periods for any hazard level or damping, g

Distance between nth pile and axis of
rotation of a pile group

Spectral response acceleration at short
periods, obtained from response
acceleration maps, g

Cohesive strength of soil, expressed in
force/unit area (pounds?fbr Pa)
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Seismic Rehabilitation Guidelines 4-19



Chapter 4: Foundations and Geotechnical Hazards
(Systematic Rehabilitation)

Ksh

Ksr

Ksv

=~

vn

q
Qallow.D+L

o)

%
Y

Short side of footing lateral contact area
Depth to sample

Depth of ground-water level
Acceleration of gravity (386.1 in/sécor
9,800 mm/seé.for Sl units)

Horizontal seismic coefficient in soil
acting on retaining wall

Stiffness coefficient for equivalent
circular footing

Winkler spring coefficient in horizontal
direction, expressed as force/unit
displacement/unit area

Winkler spring coefficient in overturning
(rotation), expressed as force/unit
displacement/unit area

Winkler spring coefficient in vertical
direction, expressed as force/unit
displacement/unit area

Axial stiffness of nth pile in a pile group

Long side of footing lateral contact area

A modification factor used in the
acceptance criteria of deformation-
controlled components or elements,
indicating the available ductility of a
component action, and a multiplier of
ultimate foundation capacity for checking
imposed foundation loads in Linear Static
or Dynamic Procedures

Vertical bearing pressure

Allowable working dead plus live load
pressure for a spread footing as specified
in original design documents

Ultimate bearing capacity
Shear wave velocity at low strain
Shear wave velocity at high strain

Additional earth pressure on retaining
wall due to seismic shaking

Foundation shape correction factor
Embedment factor

Unit weight, weight/unit volume (pounds/
ft3 or N/nP)

Total unit weight of soil

Unit weight of water

Pile compliance

Shape factor for lateral stiffness
Poisson’s ratio

Soil mass density

Effective vertical stress

Angle of internal friction, degrees

€ QO < > o
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Steel and Cast Iron
5 . (Systematic Rehabilitation)

51 Scope Section 5.9. Methods for calculating the forces in the
piles are described in Chapter 4 and inGloenmentary

Rehabilitation measures for steel components and to Chapter 5.

elements are described in this chapter. Information

needed for systematic rehabilitation of steel buildings, . . .

as depicted in Step 4B of the Process Flow chart showrP-2 Historical Perspective

in Figure 1-1, is presented herein. A brief historical

perspective is given in Section 5.2, with a more

expanded version given in t@®mmentary

The components of steel elements are columns, beams,
braces, connections, link beams, and diaphragms. The
columns, beams, and braces may be built up with plates,
angles, and/or channels connected together with rivets,
bolts, or welds. The material used in older construction
is likely to be mild steel with a specified yield strength
between 30 ksi and 36 ksi. Cast iron was often used for
columns in much older construction (before 1900). Cast
iron was gradually replaced by wrought iron and then
steel. The connectors in older construction were usually
mild steel rivets or bolts. These were later replaced by
high-strength bolts and welds. The seismic performance
of these components will depend heavily on the
condition of the in-place material. A more detailed
historical perspective is given in Section C5.2 of the
Etommentar.y

Section 5.3 discusses material properties for new and
existing construction, and describes material testing
requirements for using the nonlinear procedures. A
factor measuring the reliability of assumptions of in-
place material properties is included in a kapga (
factor, used to account for accuracy of knowledge of the
existing conditions. Evaluation methods for in-place
materials are also described.

Sections 5.4 and 5.5 provide the attributes of steel
moment frames and braced frames. The stiffness and
strength properties of each steel component required fo
the linear and nonlinear procedures described in
Chapter 3 are given. Stiffness and strength acceptance
criteria are also given and are discussed within the
context of Tables 2-1, 2-3, and 2-4, given in Chapter 2.
These sections also provide guidance on choosing an
appropriate rehabilitation strategy.

As indicated in Chapter 1, great care should be
exercised in selecting the appropriate rehabilitation
approaches and techniques for application to historic
buildings in order to preserve their unique
characteristics.

The appropriate procedures for evaluating systems with

old and new components are discussed. Steel frames 5.3 Material Properties and

\tI)VIth concrete or masonry infills are briefly discussed, Condition Assessment
ut the behavior of these systems and procedures for

estimating the forces in the steel components are given

in Chapters 6 (concrete) and 7 (masonry). Steel frames®-3-1 ~ General

with attached masonry walls are discussed in this Quantification of in-place material properties and
chapter and in Chapter 7. verification of the existing system configuration and
_ _ _ _ _ _condition are necessary to analyze or evaluate a
Section 5.8 describes engineering properties for typicalpyilding. This section identifies properties requiring
diaphragms found in steel buildings. These include bare;gnsideration and provides guidelines for their

metal deck, metal deck with composite concrete acquisition. Condition assessment is an important
topping, noncomposite steel deck with concrete aspect of planning and executing seismic rehabilitation
topping, horizontal steel bracing, and archaic of an existing building. One of the most important steps
diaphragms. The properties and behavior of wood in condition assessment is a visit to the building for
diaphragms in steel buildings are presented in visual inspection.
Chapter 8.

) _ _ ) The extent of in-place materials testing and condition
Engineering properties, and stiffness and strength assessment that must be accomplished is related to
acceptance criteria for steel piles are given in availability and accuracy of construction and as-built
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records, the quality of materials used and construction
performed, and the physical condition of the structure.

buckling resistance, and connection details. Component
properties of interest are:

Data such as the properties and grades of material used

in component and connection fabrication may be

effectively used to reduce the amount of in-place testing

required. The design professional is encouraged to

research and acquire all available records from originale

construction. The requirements given here are
supplemental to those given in Section 2.7.

5.3.2 Properties of In-Place Materials and
Components
5.3.2.1 Material Properties

Mechanical properties of component and connection
material dictate the structural behavior of the
component under load. Mechanical properties of
greatest interest include the expected yiBlg)(and
tensile Fye) strengths of base and connection material,
modulus of elasticity, ductility, toughness, elogational
characteristics, and weldability. The term “expected
strength” is used throughout this document in place of
“nominal strength” since expected yield and tensile

stresses are used in place of nominal values specified i

AISC (1994a and b).

The effort required to determine these properties is
related to the availability of original and updated
construction documents, original quality of
construction, accessibility, and condition of materials.

The determination of material properties is best
accomplished through removal of samples and
laboratory testing. Sampling may take place in regions

of reduced stress—such as flange tips at beam ends a

external plate edges—to minimize the effects of

reduced area. Types and sizes of specimens should be

accordance with ASTM standards. Mechanical and

metallurgical properties usually can be established fromg 5 5 3

laboratory testing on the same sample. If a connector
such as a bolt or rivet is removed for testing, a
comparable bolt should be reinstalled at the time of
sampling. Destructive removal of a welded connection
sample must be accompanied by repair of the
connection.

5.3.2.2
Behavior of components, including beams, columns,

Component Properties

and braces, is dictated by such properties as area, widt

to-thickness and slenderness ratios, lateral torsional

e

» Original cross-sectional shape and physical
dimensions

Size and thickness of additional connected materials,
including cover plates, bracing, and stiffeners

» Existing cross-sectional area, section moduli,
moments of inertia, and torsional properties at
critical sections

» As-built configuration of intermediate, splice, and
end connections

» Current physical condition of base metal and
connector materials, including presence of
deformation.

Each of these properties is needed to characterize
building performance in the seismic analysis. The
starting point for establishing component properties
should be construction documents. Preliminary review
Bf these documents shall be performed to identify
primary vertical- and lateral-load-carrying elements and
systems, and their critical components and connections.
In the absence of a complete set of building drawings,
the design professional must direct a testing agency to
perform a thorough inspection of the building to

identify these elements and components as indicated in
Section 5.3.3.

In the absence of degradation, statistical analysis has
own that mean component cross-sectional dimensions
comparable to the nominal published values by
AISC, AISI, and other organizations. Variance in these
Himensions is also small.

Test Methods to Quantify Properties

To obtain the desired in-place mechanical properties of
materials and components, it is necessary to utilize
proven destructive and nondestructive testing methods.
To achieve the desired accuracy, mechanical properties
should be determined in the laboratory. Particular
laboratory test information that may be sought includes
yield and tensile strength, elongation, and charpy notch
toughness. For each test, industry standards published

y the ASTM exist and shall be followed. The

ommentanprovides applicability information and
references for these particular tests.

5-2
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Of greatest interest to metal building system a minimum number of tests be conducted on
performance are the expected yield and tensile strengtlepresentative components. As stated previously, the
of the installed materials. Notch toughness of structuralminimum number of tests is dictated by available data

steel and weld material is also important for from original construction, the type of structural system
connections that undergo cyclic loadings and employed, desired accuracy, and quality/condition of
deformations during earthquakes. Chemical and in-place materials. Access to the structural system will

metallurgical properties can provide information on also be a factor in defining the testing program. As an

properties such as compatibility of welds with parent alternative, the design professional may elect to utilize

metal and potential lamellar tearing due to through-  the default strength properties contained in

thickness stresses. Virtually all steel component elastic Section 5.3.2.5 instead of the specified testing.

and inelastic limit states are related to yield and tensile However, in some cases these default values may only

strengths. Past research and accumulation of data by be used for a Linear Static Procedure (LSP).

industry groups have resulted in published material

mechanical properties for most primary metals and theirMaterial properties of structural steel vary much less

date of fabrication. Section 5.3.2.5 provides this than those of other construction materials. In fact, the

strength data. This information may be used, together expected yield and tensile stresses are usually

with tests from recovered samples, to rapidly establish considerably higher than the nominal specified values.

expected strength properties for use in component As a result, testing for material properties may not be

strength and deformation analyses. required. The properties of wrought iron are more
variable than those of steel. The strength of cast iron

Review of other properties derived from laboratory components cannot be determined from small sample

tests—such as hardness, impact, fracture, and fatigue-tests, since component behavior is usually governed by

is generally not needed for steel component capacity inclusions and other imperfections. It is recommended

determination, but is required for archaic materials and that the lower-bound default value for compressive

connection evaluation. These properties may not be  strength of cast iron given in Table 5-1 be used.

needed in the analysis phase if significant rehabilitative

measures are already known to be required. The guidelines for determining the expected yiélgX
and tensilek,) strengths are given below.

To quantify material properties and analyze the

performance of welded moment connections, more ', f original construction documents defining

extensive sa_mpllng and testing may be necessary. This properties—including material test records or

testing may include base and weld material chemical material test reports (MTR)—exist, material tests

and metallurgical evaluation, expected strength need not be carried out, at the discretion of the

determination, hardness, and charpy V-notch testing of  gesign professional. Default values from Table 5-2

the heat-affected zone and nelght_)orlng base m_etal, and may be used. Larger values may be used, at the

other tests depending on connection configuration. discretion of the design professional, if available

historical data substantiates them. Larger values
should be used if the assumptions produce a larger
demand on associated connections.

If any rehabilitative measures are needed and welded
connection to existing components is required, the
carbon equivalent of the existing component(s) shall be
determined. Appropriate welding procedures are .
dependent upon the chemistry of base metal and filler
material (for example, the elements in the [IW Carbon
Equivalent formula). Consult Section 8 and its
associate€Commentaryn the latest edition of
ANSI/AWS D1.1Structural Welding Code
Recommendations given in FEMA 267 (SAC, 1995)
may also be followed.

If original construction documents defining
properties are limited or do not exist, but the date of
construction is known and the single material used is
confirmed to be carbon steel, at least three strength
coupons shall be randomly removed from each
component type. Conservative material properties
such as those given in Table 5-2 may be used in lieu
of testing, at the discretion of the design

5.3.2.4 Minimum Number of Tests professional.
In order to quantify expected strength and other in-place*  If no knowledge exists of the structural system and
properties accurately, it will sometimes be required that ~materials used, at least two strength tensile coupons
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should be removed from each component type for For other material properties, the design professional
every four floors. If it is determined from testing that shall determine the particular need for this type of

more than one material grade exists, additional testing and establish an adequate protocol consistent
testing should be performed until the extent of use with that given above. In general, it is recommended
for each grade in component fabrication has been that a minimum of three tests be conducted.
established. If it is determined that all components

are made from steel, the requirements immediately If a higher degree of confidence in results is desired, the

preceding this may be followed. sample size shall be determined using ASTM Standard
E22 guidelines. Alternatively, the prior knowledge of
In the absence of construction records defining material grades from Section 5.3.2.5 may be used in

welding filler metals and processes used, at least one€onjunction with Bayesian statistics to gain greater
weld metal sample for each construction type shouldconfidence with the reduced sample sizes noted above.
be obtained for laboratory testing. The sample shall The design professional is encouraged to use the
consist of both local base and weld metal, such that procedures contained in t@®mmentaryn this regard.
composite strength of the connection can be derived.

Steel and weld filler material properties discussed in5.3.2.5 Default Properties

Section 5.3.2.3 should also be obtained. Because ofT

: . he default expected strength values for key metallic
the destructive nature and necessary repairs that P 9 Y

follow. default strenath proberties mayv be material properties are contained in Tables 5-1 and 5-2.
oflow, detault strength propertie Y These values are conservative, representing mean

substituted if original records on welding exist, values from previous research less two standard
unless the design professional requires more cfn

rate data. If ductility and touahness are require eviations. It is recommended that the results of any
accura : y and toughness q aterial testing performed be compared to values in
at or near the weld, the design professional may

nservatively assume that no ductility is available these tables for the particular era of building
con y ; Uctlity ' construction. Additional testing is recommended if the
in lieu of testing. In this case the joint would have to

be modified. Special requirements for welded expected yield and tensile strengths determined from

moment frames are given in FEMA 267 (SAC, testing are lower than the default values.
1995) and the latest edition of ANSI/AWS D1.1

Structural Welding Code Default material strength properties may only be used in

conjunction with Linear Static and Dynamic
Procedures. For the nonlinear procedures, expected
strengths determined from the test program given above
shall be used. Nonlinear procedures may be used with
the reduced testing requirements described in
Commentarysection C5.3.2.5.

For archaic materials, including wrought iron but 533
excluding cast iron, at least three strength coupons ="~

Testing requirements for bolts and rivets are the
same as for other steel components as given above
In lieu of testing, default values from Table 5-2 may
be used.

Condition Assessment

shall be extracted for e_ach component type foreverys 3.3.1 General

four floors of construction. Should significant . - - .
variability be observed, in the judgment of the A cor_mqlltlon assessment of the existing buﬂdmgl anq site
design professional, additional tests shall be conditions shall be performed as part of the seismic
performed until an écceptable strength value is rehabilitation process. The goals of this assessment are:
obtained. If initial tests provide material properties . . . .

that are consistent with properties given in » To examine the physical condition of primary and
Table 5-1, tests are required only for every six floors ~ S€condary components and the presence of any

of construction. degradation

For all laboratory test results, the mean yield and tensile’ 10 Verify or determine the presence and

strengths may be interpreted as the expected strength ~ configuration of components and their connections,
for component strength calculations. and the continuity of load paths between
components, elements, and systems
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Table 5-1 Default Material Properties *

Early unit stresses used in tables of allowable loads as published in catalogs of the following mills

FOR CAST IRON?

Expected Yield

Year Rolling Mill Strength, ksi
1873 Carnegie Kloman & Co. (“Factor of Safety 3”) 21
1874 New Jersey Steel & Iron Co. 18
1881-1884 Carnegie Brothers & Co., Ltd. 12
1884 The Passaic Rolling Mill Co. 18
15
1885 The Phoenix Iron Company 18
1885-1887 Pottsville Iron & Steel Co. 18
1889 Carnegie Phipps & Co., Ltd. 18
15

FOR STEEL!

1887 Pottsville Iron & Steel Co. 23
1889-1893 Carnegie Phipps & Co., Ltd. 24
1893-1908 Jones & Laughlins Ltd. 24
Jones & Laughlins Steel Co. 18
1896 Carnegie Steel Co., Ltd. 24
1897-1903 The Passaic Rolling Mills Co. ig
1898-1919 Cambria Steel Co. 24
18
1900-1903 Carnegie Steel Company 24
1907-1911 Bethlehem Steel Co. 24
1915 Lackawanna Steel Co. ig

1. Modified from unit stress values in AISC “Iron and Steel Beams from 1873 to 1952.”

» To review other conditions—such as neighboring  overload, damage from past earthquakes, fatigue,

party walls and buildings, the presence of fracture). The condition assessment shall also examine
nonstructural components, and limitations for for configurational problems observed in recent
rehabilitation—that may influence building earthquakes, including effects of discontinuous
performance components, improper welding, and poor fit-up.

* To formulate a basis for selecting a knowledge Component orientation, plumbness, and physical
factor (see Section 5.3.4). dimensions should be confirmed during an assessment.

Connections in steel components, elements, and
The physical condition of existing components and systems require special consideration and evaluation.
elements, and their connections, must be examined forThe load path for the system must be determined, and
presence of degradation. Degradation may include each connection in the load path(s) must be evaluated.
environmental effects (e.g., corrosion, fire damage,  This includes diaphragm-to-component and
chemical attack) or past/current loading effects (e.g., component-to-component connections. FEMA 267
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Table 5-2 Default Expected Material Strengths 1

History of ASTM and AISC Structural Steel Specification Stresses

ASTM Requirement

Expected Tensile Expected Yield Strength 23
Date Specification Remarks Strength 2, Fyg, ksi Fye ksi
1900 ASTM, A9 Rivet Steel 50 30
Buildings Medium Steel 60 35
1901-1908 ASTM, A9 Rivet Steel 50 1/2TS.
Buildings Medium Steel 60 1/2TsS.
1909-1923 ASTM, A9 Structural Steel 55 1/2TS.
Buildings Rivet Steel 48 1/2TsS.
1924-1931 ASTM, A7 Structural Steel 55 1/2TS.
or not less than 30
Rivet Steel 46 1/2TS.
or not less than 25
ASTM, A9 Structural Steel 55 1/2TS.
or not less than 30
Rivet Steel 46 1/2TS.
or not less than 25
1932 ASTM, A140-32T issued  Plates, Shapes, Bars 60 1/2T.S.
as a tentative r_ev_ision to or not less than 33
ASTM, A9 (Buildings) Eyebar flats 67 1/2T.S.
unannealed or not less than 36
1933 ASTM, A140-32T Structural Steel 55 1/2TS.
discontinued and ASTM, or not less than 30
A9 (Buildings) revised
Oct. 30, 1933
ASTM, A9 tentatively Structural Steel 60 1/2T.S.
revised to ASTM, A9-33T or not less than 33
(Buildings)
ASTM, A141-32T adopted Rivet Steel 52 1/2 T.S.
as a standard or not less than 28
1934 on ASTM, A9 Structural Steel 60 1/2 T.S.
or not less than 33
ASTM, Al141 Rivet Steel 52 1/2TS.

or not less than 28

1. Duplicated from AISC “Iron and Steel Beams 1873 to 1952.”

2. Values shown in this table are based on mean minus two standard deviations and duplicated from “Statistical Analydafta éosWide-Flange
Structural Shapes.” The values have been reduced by 10%, since originals are from mill tests.

3. T.S. =Tensile strength
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Table 5-2 Default Expected Material Strengths 1 (continued)

Additional default assumptions

Expected Tensile Expected Yield Strength 23
Date Specification Remarks Strength 2, Fye, ksi Fye, Ksi
1961 on ASTM, A36 Structural Steel
Group 1 54 37
Group 2 52 35
Group 3 52 32
Group 4 53 30
Group 5 61 35
ASTM, A572, Grade 50 Structural Steel
Group 1 56 41
Group 2 57 42
Group 3 60 44
Group 4 62 43
Group 5 71 44
Dual Grade Structural Steel
Group 1 59 43
Group 2 60 43
Group 3 64 46
Group 4 64 44

1. Duplicated from AISC “Iron and Steel Beams 1873 to 1952.”

2. Values shown in this table are based on mean minus two standard deviations and duplicated from “Statistical Analyl<Dafta éasWide-Flange
Structural Shapes.” The values have been reduced by 10%, since originals are from mill tests.

3. T.S. =Tensile strength

(SAC, 1995) provides recommendations for inspection assessment performed also affects«tifi@ctor that is
of welded steel moment frames. used (see Section 5.3.4).

The condition assessment also affords an opportunity tdf coverings or other obstructions exist, indirect visual

review other conditions that may influence steel inspection through use of drilled holes and a fiberscope
elements and systems and overall building may be utilized. If this method is not appropriate, then
performance. Of particular importance is the local removal of covering materials will be necessary.

identification of other elements and components that The following guidelines shall be used.
may contribute to or impair the performance of the steel

system in question, including infills, neighboring » |If detailed design drawings exist, exposure of at least

buildings, and equipment attachments. Limitations one different primary connection shall occur for

posed by existing coverings, wall and ceiling space, each connection type. If no deviations from the

infills, and other conditions shall also be defined such drawings exist, the sample may be considered

that prudent rehabilitation measures may be planned. representative. If deviations are noted, then removal
of additional coverings from primary connections of

5.3.3.2 Scope and Procedures that type must be done until the design professional

has adequate knowledge to continue with the

The scope of a condition assessment shall include all ; At
evaluation and rehabilitation.

primary structural elements and components involved
in gravity and lateral load resistance. The degree of
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In the absence of construction drawings, the design
professional shall establish inspection protocol that
will provide adequate knowledge of the building
needed for reliable evaluation and rehabilitation. For
steel elements encased in concrete, it may be more
cost effective to provide an entirely new lateral-load-
resisting system.

Physical condition of components and connectors may
also dictate the use of certain destructive and
nondestructive test methods. If steel elements are
covered by well-bonded fireproofing materials or
encased in durable concrete, it is likely that their
condition will be suitable. However, local removal of
these materials at connections shall be performed as
part of the assessment. The scope of this removal effor
is dictated by the component and element design. For
example, in a braced frame, exposure of several key
connections may suffice if the physical condition is
acceptable and configuration matches the design
drawings. However, for moment frames it may be
necessary to expose more connection points because
varying designs and the critical nature of the
connections. See FEMA 267 (SAC, 1995) for
inspection of welded moment frames.

5.3.3.3

The results of the condition assessment shall be used i
the preparation of building system models in the
evaluation of seismic performance. To aid in this effort,
the results shall be quantified and reduced, with the
following specific topics addressed:

Quantifying Results

Component section properties and dimensions

Connection configuration and presence of any
eccentricities

Type and location of column splices

Interaction of nonstructural components and their
involvement in lateral load resistance

The acceptance criteria for existing components
depends on the design professional’s knowledge of the
condition of the structural system and material
properties (as previously noted). All deviations noted
between available construction records and as-built

conditions shall be accounted for and considered in the

structural analysis.

534 Knowledge k) Factor

As described in Section 2.7 and Tables 2-16 and 2-17,
computation of component capacities and allowable
deformations shall involve the use of a knowledge (
factor. For cases where a linear procedure will be used
in the analysis, two categoriesroxist. This section
further describes the requirements specific to metallic
structural elements that must be accomplished in the

selection of & factor.

A K factor of 1.0 can be utilized when a thorough
assessment is performed on the primary and secondary
components and load path, and the requirements of
Section 2.7 are met. The additional requirement for a
{actor of 1.0 is that the condition assessment be done in
accordance with Section 5.3.3. In genera,factor of

1.0 may be used if the construction documents are
available.

If the configuration and condition of an as-built
mponent or connection are not adequately known (in
e judgement of the design professional, because
design documents are unavailable and it is deemed too
costly to do a thorough condition assessment in
accordance with Section 5.3.3), théactor used in the
final component evaluation shall be reduced to 0.75. A
k factor of 0.75 shall be used for all cast and wrought
ffon components and their connectors. For encased
components where construction documents are limited
and knowledge of configuration and condition is
incomplete, a factor of 0.75 shall be used. In addition,
for steel moment and braced frames, the usexof a
factor of 0.75 shall occur when knowledge of
connection details is incomplete. See also
Section C2.7.2 in thEommentary

54 Steel Moment Frames

54.1 General

Steel moment frames are those frames that develop their
seismic resistance through bending of beams and
columns and shearing of panel zones. Moment-resisting
connections with calculable resistance are required
between the members. The frames are categorized by
the types of connection used and by the local and global
stability of the members. Moment frames may act alone
to resist seismic loads, or they may act in conjunction
with concrete or masonry shear walls or braced steel
frames to form a dual system. Special rules for design
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of new dual systems are included in AISC (1994a) and Requirements for general or seismic design of steel

BSSC (1995). components given in AISC (1994a) or BSSC (1995) are
to be followed unless superseded by provisions in these

Columns, beams, and connections are the componentsGuidelines In all cases, the expected strength will be

of moment frames. Beams and columns may be built-upused in place of the nominal design strength by

members from plates, angles, and channels, cast or  replacingF, with Fye

wrought iron segments, hot-rolled members, or cold-

formed steel sections. Built-up members may be 5422 Stiffness for Analysis

assembled by riveting, bolting, or welding. Connections

between the members may be fully restrained (FR),

?S?:;'S:ggﬁzgfg}egiﬁgg)’ O{hneog&%g’n%?\résggg]zg bar Axial area. This is t_he comple_te area of roIIe_d or built-
steel, steel with a nonstrl.JcturaI coating for fire %p shapes. For built-up sections, the effective area
prote’ction or steel with either concrete or masonry should be r(_aduced if adequate load transfer m_echanlsms
encasemént for fire protection are not avallablt_a. For elements fully encased in _

' concrete, the stiffness may be calculated assuming full
composite action if most of the concrete may be
expected to remain after the earthquake. Composite
action may not be assumed for strength unless adequate
load transfer and ductility of the concrete can be
assured.

A. Linear Static and Dynamic Procedures

Two types of frames are categorized in this document.
Fully restrained (FR) moment frames are those frames
for which no more than 5% of the lateral deflections
arise from connection deformation. Partially restrained
(PR) moment frames are those frames for which more
than 5% of the lateral deflections result from connection
deformation. In each case, the 5% value refers only to
deflection due to beam-column deformation and not to
frame deflections that result from column panel zone
deformation.

Shear area. This is based on standard engineering
procedures. The above comments, related to built-up
sections, concrete encased elements, and composite
action of floor beam and slab, apply.

) Moment of inertia. The calculation of rotational
5.4.2  Fully Restrained Moment Frames stiffness of steel beams and columns in bare steel
5421 General frames shall follow standard engineering pro_cedures.

For components encased in concrete, the stiffness shall

Fully restrained (FR) moment frames are those momeninclude composite action, but the width of the
frames with rigid connections. The connection shall be composite section shall be taken as equal to the width of
at least as strong as the weaker of the two members  the flanges of the steel member and shall not include
being joined. Connection deformation may contribute parts of the adjoining floor slab, unless there is an
no more than 5% (not including panel zone adequate and identifiable shear transfer mechanism
deformation) to the total lateral deflection of the frame. between the concrete and the steel.
If either of these conditions is not satisfied, the frame
shall be characterized as partially restrained. The mostJoint Modeling. Panel zone stiffness may be considered
common beam-to-column connection used in steel FR in a frame analysis by adding a panel zone element to
moment frames since the late 1950s required the beanthe program. The beam flexural stiffness may also be
flange to be welded to the column flange using adjusted to account for panel zone stiffness or flexibility
complete joint penetration groove welds. Many of theseand the stiffness of the concrete encasement. Use center
connections have fractured during recent earthquakes. line analysis for other cases. Strengthened members
The design professional is referred to @@mmentary shall be modeled similarly to existing members. The

and to FEMA 267 (SAC, 1995). approximate procedure suggested for calculation of
stiffness of PR moment frames given below may be
Fully restrained moment frames encompass both used to model panel zone effects, if available computer

Special Moment Frames and Ordinary Moment Frames programs cannot explicitly model panel zones.

defined in the Seismic Provisions for Structural Steel

Buildings in Part 6 of AISC (1994a). These terms are Connections. The modeling of stiffness for connections
not used in th&uidelines but most of the requirements for FR moment frames is not required since, by

for these systems are reflected in AISC (1994a). definition, the frame displacements are not significantly
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(<5%) affected by connection deformation. The I
strength of the connection must be great enough to carr, Q |
the expected moment strength and resulting shear in th Qce }
beam at a beam-to-column connection and shall be b
calculated using standard engineering procedures.
Three types of connections are currently acknowledgec a g
as potentially fully restrained: (1) full penetration (full- 1.01--78
pen) welds between the flanges of the beam and colum
flanges with bolted or welded shear connections
between the column flange and beam web; (2) flange /A
plate connections; and (3) end plate connections. If Gor A -
flange plate or end plate connections are too flexible or or

weak to be considered fully restrained, they must be (a) Deformation

considered to be partially restrained. Strength and

stiffness properties for these two connections as PR
connections are discussed in Section 5.4.3 and in the Q ‘}
Commentary Qce

B. Nonlinear Static Procedure

» Use elastic component properties as outlined under
Section 5.4.2.2A.

101--75

» Use appropriate nonlinear moment-curvature and D E
interaction relationships for beams and beam- A
columns to represent plastification. These may be 8 o 4

0|

derived from experiment or analysis. 6y 4y

« Linear and nonlinear behavior of panel zones shall (b) Deformation ratio

be included. Figure 5-1 Definition of the a, b, ¢, d, and e

Parameters in Tables 5-4, 5-6, and 5-8,

In lieu of a more rational analysis, the details of all and the Generalized Load-Deformation
segments of the load-deformation curve, as defined in Behavior
Tables 5-4 and Figure 5-1 (an approximate, generalized,
load-deformation curve for components of steel
bmeoums?arg f.rr?]rgecsdr?/reatfgy%aemrﬁéaﬁ%% pbl)elltgsvgsgfi)n'gmaay estimated by adding the yield rotatid), to the plastic
strain-hardening slope of 3% of the elastic slope. LargerrOtation. Alternatively, the chord rotation may be
strain-hardening slopes may be used if verified by estimated to be equal to the story drift. Test results for
experiment. If panel zone yielding occurs, a strain- steel components are often given in terms of chord

hardening slope of 6% or larger should be used for the "0tation. The equations f@, given in Equations 5-1

panel zone. It is recommended that strain hardening beand 5-2 are approximate, and are based on the
considered for all components. assumption of a point of contraflexure at mid-length of

the beam or column.

chord rotation for beams. The chord rotation may be

The parameter® andQcg in Figure 5-1 are
generalized component load and generalized ZF, |

. - b
component expected strength for the component. For Beams: 6, = ?EI& (5-1)
beams and columné@,is the plastic rotation of the beam b
or cqumn,E)y is the rotation at yield is displacement,
and4, is yield dlsplacer.nen.t. For.panel .zonq;l,s the  Columns: §, = —Ye c%l_ ig (5-2)
angular shear deformation in radians. Figure 5-2 defines Y 6El, Pye
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(a) Cantilever example

Chord Rotation:
6= é

(b) Frame example >

Figure 5-2 Definition of Chord Rotation

Q andQcg are the generalized component load and

lc

Column length, in.

Mcg = Expected moment strength

P = Axial force in the member, kips

Pye = Expected axial yield force of the member =
AgFye kips

Q = Generalized component load

Qce = Generalized component expected strength

to = Total panel zone thickness including doubler
plates, in.

e = Chord rotation

Yield rotation
Vce = Expected shear strength, kips

Plastic section modulus, .

C. Nonlinear Dynamic Procedure

The complete hysteretic behavior of each component
must be properly modeled. This behavior must be
verified by experiment. This procedure is not
recommended in most cases.

5.4.2.3 Strength and Deformation
Acceptance Criteria

A. Linear Static and Dynamic Procedures

generalized component expected strength, respectivelyThe strength and deformation acceptance criteria for

For beams and columns, these refer to the plastic
moment capacity, which is for:
Beams: Qcg = Mg = ZFye (5-3)

Columns:

- — PO -
Qcg = Mcg = 1.182Fye%1—P—Ds ZF,, (5-4)

ye
Panel Zones: Qqg = Vg = 0.55Fyedctp (5-5)
where
d. = Column depth, in.
E = Modulus of elasticity, ksi
Fye = Expected yield strength of the material, ksi
| = Moment of inertia, irf:
l, = Beam length, in.

these methods require that the load and resistance
relationships given in Equations 3-18 and 3-19 in
Chapter 3 be satisfied. The design strength of
components in existing FR moment frames shall be
determined using the appropriate equations for design
strength given in Section 5.4.2.2 or in Part 6 of AISC
(1994a), except thagishall be taken as 1.0. Design
restrictions given in AISC (1994a) shall be followed
unless specifically superseded by provisions in these
Guidelines

Evaluation of component acceptability requires
knowledge of the component expected strerQig,

for Equation 3-18 and the component lower-bound
strengthQc¢, , for Equation 3-19, and the component

demand modifienn, as given in Table 5-3 for
Equation 3-18. Values f@-g andQ¢| for FR moment

frame components are given in this secti@gg and
Q¢ are used for deformation- and force-controlled

components, respectively. Values foare given in
Table 5-3 for the Immediate Occupancy, Life Safety,
and Collapse Prevention Performance Levels.
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Beams. The design strength of beams and other flexural
members is the lowest value obtained according to the
limit state of yielding, lateral-torsional buckling, local
flange buckling, or shear yielding of the web. For fully

concrete-encased beams where the concrete is expected

to remain in place, because of confining reinforcement,
during the earthquake, assubje 0 andL, = 0 for the

purpose of determiningn. For bare beams bent about
their major axes and symmetric about both axes,

b 52
2t; |:ye

values form are given in Table 5-3, and:

with <

(compact section) arlg <L, the

Qce = Mce = Mpce = ZFye (5-6)
where

by = Width of the compression flange, in.

t = Thickness of the compression flange, in.

Iy = Length of beam, in.

Lp = Limiting lateral unbraced length for full
plastic bending capacity for uniform
bending from AISC (1994a), in.

Mce = Expected flexural strength, kip-in.

Mpyce = Expected plastic moment capacity, kip-in.

Fye = Expected mean yield strength determined by
the tests or given in Tables 5-1 or 5-2

by _ 52 o

If —>—=—= andl,> Lp , values fom are given in

Table 5-3. For cases where the moment diagram is
nonuniform and., <Ly, <L, , but the nominal bending

strength is stilMycg the value ofnis obtained from
Table 5-3. IfMcg < Mpcg due to lateral torsional
buckling, then the value oh shall bem,, where

<8

Loty (5-7)
L. —L

r p

m, = Cy[m—(m-1)

where

L, = Distance between points braced against lateral
displacement of the compression flange, or
between points braced to prevent twist of the

cross section (see AISC, 1994a)

Limiting unbraced length between points of
lateral restraint for the full plastic moment
capacity to be effective (see AISC, 1994a)

Limiting unbraced length between points of
lateral support beyond which elastic lateral
torsional buckling of the beam is the failure
mode (see AISC, 1994a)

Value ofm given in Table 5-3

Effectivem from Equation 5-7

Coefficient to account for effect of nonuniform
moment (see AISC, 1994a)

L

Mg
Cp

If the beam strength is governed by shear strength of the

unstiffened web ané1 < 418

— , then:
w JFy
Qce = Ve = O.6FyeAW (5-8)
where
Vce = Expected shear strength, kips
Av = Nominal area of the webdt,, in.2
ty = Web thickness, in.
h = Distance from inside of compression flange to

inside of tension flange, in.

For this case, use tabulated values for beams, row a, in

Table 5-3. I > 218 ihe value of g should be

w JFy
calculated from provisions in Part 6 of AISC (1994a)
and the value af should be chosen using engineering

judgment, but should be less than 8.

The limit state of local flange and lateral torsional
buckling are not applicable to components either
subjected to bending about their minor axes or fully
encased in concrete, with confining reinforcement.

For built-up shapes, the strength may be governed by
the strength of the lacing plates that carry component
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shear. For this case, the lacing plates are not as ductile = M, M
as the component and should be designed for 0.5 times 5 VI My <10 (5-11)
themvalue in Table 5-3, unless larger values can be ct MMcex MyMcey

justified by tests or analysis. For built-up laced beams
and columns fully encased in concrete, local buckling where
of the lacing is not a problem if most of the encasement

can be expected to be in place after the earthquake. P = Axial force in the column, kips
Pc. = Expected compression strength of the
Columns. The lower-bound strengtq, , of steel column, kips

columns under compression only is the lowest value = Bending moment in the member for the x-
obtained by the limit stress of buckling, local flange X

buckling, or local web buckling. The effective design M _ EXlS |pc;nb di h of th | ¢
strength should be calculated in accordance with cex = Expected bencling strength of the column for

provisions in Part 6 of AISC (1994a), hpt 1.0 and the x-axis, kip-in
Fye shall be used for existing components. Acceptance Mcey = Expected bending strength of the column for
shall be governed by Equation 3-19 of th€sgdelines the y-axis
since this is a force-controlled member. My = Bending moment in the member for the y-
axis, kip-in
The lower-bound strength of cast iron columns shall bem = Value ofmfor the column bending about the
calculated as: X-axis
B m, = Value ofmfor the column bending about the
PeL = Achr (5-9) y-axis
where For columns under combined compression and bending,
_ lateral bracing to prevent torsional buckling shall be
Fer = 12 ksi forl /r <108 provided as required by AISC (1994a).
_ 1.40x 10, . Panel Zone. The strength of the panel zone shall be
Fer = (I /r)2 ksi forl/r>108 calculated as given in Equation 5-5.
C

Connections. By definition, the strength of FR
Cast iron columns can only carry axial compression. connections shall be at least equal to, or preferably
greater than, the strength of the members being joined.
For steel columns under combined axial and bending Some special considerations should be given to FR

stress, the column shall be considered to be connections.
deformation-controlled and the lower-bound strength
shall be calculated by Equation 5-10 or 5-11. Full Penetration Welded Connections (Full-Pen).  Full-
pen connections (see Figure 5-3) have the beam flanges
P welded to the column flanges with complete penetration
For =—=20.2 groove welds. A bolted or welded shear tab is also
CL included to connect the beam web to the column. The
strength and ductility of full-pen connections are not
p g M M fully understood at this time. They are functions of the
—— { = Y 1<1.0 (5-10)  quality of construction, thi/d, ratio of the beam
P 9 MMcex mMcey (wherelp, = beam length and}, = beam depth), the weld

material, the thickness of the beam and column flanges,
the stiffness and strength of the panel zones, joint
confinement, triaxial stresses, and other factors (see
SAC, 1995). In lieu of further study, the valuenofor

Life Safety for beams with full-pen connections shall be
not larger than

For P <0.2
PeL
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Table 5-3 Acceptance Criteria for Linear Procedures—Fully Restrained (FR) Moment Frames

m Values for Linear Procedures 8

Primary Secondary
10 LS CP LS CP
Component/Action m m m m m
Moment Frames
Beams:
D .22 2 6 8 10 12
2t
t JFye
b 95
b. —=>— 1 2 3 3 4
2t
f JFye
c. For 22 < % < 95 use linear interpolation
JFye <1 JFye
Columns:
For P/Pye < 0.20
b .22 2 6 8 0 2
ot 1 1
2t
t JFye
b 95
b. =>=>— 1 1 2 2 3
2t
f JFye
c. For 22 < % < 95 use linear interpolation
JFye <t Fye
For 0.2 8 P/Py 3 0.50°
b __52
Et- 1 1 ) _3 _ 4
t JFye
b 95
b. == 1 1 15 |2 2
2t :
f JFye
c. For 52 < % < 95 use linear interpolation
JFye <1 JFye
Panel Zones 15 8 11 NA NA
Fully Restrained Moment Connections 7
For full penetration flange welds and bolted or welded web connection: beam
deformation limits
a. No panel zone yield 1 _5 _ 3 4
b. Panel zone yield 0.8 2 25 2 2.5

m=9(1-1PRy
m=12(1-1.P/P,
m=15(1-1P/Py
m=18(1- 1 PIPy
m = 6 - 0.128,
m=7-0.128),

©CNoTRWNE

If P/Pyo > 0.5, assume column to be force-controlled.

If construction documents verify that notch-tough rated weldment was used, these values may be multiplied by two.
For built-up numbers where strength is governed by the facing plates, use one-hatftakgs.
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m = 6.0— 0.125d, (5-12)

In addition, if the strength of the panel zone is less than

0.9 times the maximum shear force that can be
delivered by the beams, then théor the beam shall be

m=2 (5-13)

Stiffeners or
continuity plates
/ as required
Doubler plate ‘Q
as required O
O
Figure 5-3 Full-Pen Connection in FR Connection

with Variable Behavior

Flange Plate and End Plate Connections.  The strength

of these connections should be in accordance with
standard practice as given in AISC (1994a and 1994b).
Additional information for these connections is given
below in Section 5.4.3.3.

Column Base Plates to Concrete Pile Caps or
Footings. The strength of connections between column
base plates and concrete pile caps or footings usually

exceeds the strength of the columns. The strength of the

base plate and its connection may be governed by the
welds or bolts, the dimensions of the plate, or the
expected yield strengtkye, of the base plate. The

connection between the base plate and the concrete may

be governed by shear or tension yield of the anchor
bolts, loss of bond between the anchor bolts and the
concrete, or failure of the concrete. Expected strengths
for each failure type shall be calculated by rational

analysis or the provisions in AISC (1994b). The values
for m may be chosen from similar partially restrained
end plate actions given in Table 5-5.

B. Nonlinear Static Procedure

The NSP requires modeling of the complete load-
deformation relationship to failure for each component.
This may be based on experiment, or on a rational
analysis, preferably verified by experiment. In lieu of
these, the conservative approximate behavior depicted
by Figure 5-1 may be used. The valuesQgg and6,

shown in Figure 5-1 are the same as those used in the
LSP and given in Section 5.4.2.2. Deformation control
points and acceptance criteria for the Nonlinear Static
and Dynamic Procedures are given in Table 5-4.

C. Nonlinear Dynamic Procedure

The complete hysteretic behavior of each component
must be modeled for this procedure. Guidelines for this
are given in th€ommentaryDeformation limits are
given in Table 5-4.

5.4.2.4 Rehabilitation Measures for FR
Moment Frames

Several options are available for rehabilitation of FR
moment frames. In all cases, the compatibility of new
and existing components and/or elements must be
checked at displacements consistent with the
Performance Level chosen. The rehabilitation measures
are as follows:

» Add steel braces to one or more bays of each story to
form concentric or eccentric braced frames.
(Attributes and design criteria for braced frames are
given in Section 5.5.) Braces significantly increase
the stiffness of steel frames. Care should be taken
when designing the connections between the new
braces and the existing frame. The connection
should be designed to carry the maximum probable
brace force, which may be approximated as 1.2
times the expected strength of the brace.

Add ductile concrete or masonry shear walls or infill
walls to one or more bays of each story. Attributes
and design requirements of concrete and masonry
infills are given in Sections 6.7 and 7.5, respectively.
This greatly increases the stiffness and strength of
the structure. Do not introduce torsional stress into
the system.
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Table 5-4 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Fully Restrained
(FR) Moment Frames
A Residual Plastic Rotation, Deformation Limits
Z‘ Strength
y Ratio Primary Secondary
Component/Action d e c 10 LS CP LS CP
Beams?!:
b 52 10 12 0.6 2 7 9 10 12
—_< =
2t
t JFye
5 7 0.2 1 3 4 4 5
b 2> S5
f ./ Fye
c. For 2 S%S 95
JFye <t WFye
use linear interpolation
Columns?:
For P/Pye < 0.20
b 52 10 12 0.6 2 7 9 10 12
—_<
2t
f JFye
0.2 1 3 4 4 5
% S 95
t JFye
c. For < % < 95
A Fye fu I:ye
use linear interpolation

Add 6, from Equations 5-1 or 5-2 to plastic end rotation to estimate chord rotation.

Columns in moment or braced frames need only be designed for the maximum force that can be delivered.
Deformation = 0.072 (1 - 1R/P)

Deformation = 0.100 (1 - 1R/P)

Deformation = 0.042 (1 - 1R/P)

Deformation = 0.060 (1 - 1H/P)

0.043 — 0.0008,

0.035 — 0.0008,

If P/Py¢ > 0.5, assume column to be force-controlled.

© ® N o g 0w NP
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Table 5-4 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Fully Restrained
(FR) Moment Frames (continued)
A Residual Plastic Rotation, Deformation Limits
Z‘ Strength
\ Ratio Primary Secondary
Component/Action d e c 10 LS CP LS CP
For 0.2 < P/P,, < 0.50°
b 52 3 _4 0.2 0.04 — —6 0.019 | 0.031
—_< =
2t
f JFye
b 95 2 25 0.2 1 15 1.8 1.8 2
bh. —>—
2t
f JFye
c. For 52 SEbt_S 95
JFye <t WFye
use linear interpolation
Plastic
Rotation
a b
Panel Zones 0.052 | 0.081 | 0.800 | 0.004 | 0.025 | 0.043 | 0.055 | 0.067
Connections
For full penetration flange weld, bolted or
welded web: beam deformation limits
a. No panel zone yield 7 7 0.200 0.008 | 8 8 0.017 | 0.025
b. Panel zone yield 0.009 | 0.017 | 0.400 0.003 | 0.005 | 0.007 | 0.010 | 0.013
1. Add 6, from Equations 5-1 or 5-2 to plastic end rotation to estimate chord rotation.
2. Columns in moment or braced frames need only be designed for the maximum force that can be delivered.
3. Deformation = 0.072 (1 — 1H/Pyy)
4. Deformation = 0.100 (1 — 1A/Pyy)
5. Deformation = 0.042 (1 — 1H/Py,)
6. Deformation = 0.060 (1 — 1H/P,)
7. 0.043 —0.0008,
8. 0.035-0.0008,
9. If P/Py> 0.5, assume column to be force-controlled.
« Attach new steel frames to the exterior of the The advantage is that the rehabilitation may take

building. This scheme has been used in the past and place without disrupting the use of the building.

has been shown to be very effective under certain

conditions. Since this will change the distribution of « Reinforce the moment-resisting connections to force
stiffness in the building, the seismic load path must plastic hinge locations in the beam material away
be carefully checked. The connections between the  from the joint region. The idea behind this concept is
new and existing frames are particularly vulnerable.  that the stresses in the welded connection will be
This approach may be structurally efficient, but it significantly reduced, thereby reducing the

changes the architectural appearance of the building. possibility of brittle fractures. This may not be
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effective if weld material with very low toughness  be determined as given in Section 5.4.2.2 for FR
was used in the full-pen connection. Strain frames.
hardening at the new hinge location may produce
larger stresses at the weld than expected. Also, manygonnections. The rotational stiffnesk g of each PR
fractures during past earthquakes are believed to  connection shall be determined by experiment or by
have occurred at stresses lower than yield. Various rational analysis based on experimental results. The
methods, such as horizontal cover plates, vertical deformation of the connection shall be included when
stiffeners, or haunches, can be employed. Other  calculating frame displacements. Further discussion of
schemes that result in the removal of beam materialthis is given in th€ommentaryin the absence of more
may achieve the same purpose. Modification of all rational analysis, the stiffness may be estimated by the
moment-resisting connections could significantly  following approximate procedures:
increase (or decrease, in the case of material
removal) the structure’s stiffness; therefore, The rotational spring stiffneskg, may be estimated by
recalculation of the seismic demands may be
required. Modification of selected joints should be M
done in a rational manner that is justified by Kg = —CE (5-14)
analysis. Guidance on the design of these 0.005
modifications is discussed in SAC (1995).
where

* Adding damping devices may be a viable o
rehabilitation measure for FR frames. See Chapter Mce = Expected moment strength, kip-in.
of theseGuidelines.

5.4.3 Partially Restrained Moment Frames for:

5431 General « PR con_nections that are encas_ed in concrete for fire
protection, and where the nominal resistaiMegg,

Partially restrained (PR) moment frames are those determined for the connection includes the

frames for which deformation of the beam-to-column composite action provided by the concrete

connections contributes greater than 5% of the story encasement

drift. A moment frame shall also be considered to be PR

if the strength of the connections is less than the * PR connections that are encased in masonry, where

strength of the weaker of the two members being composite action cannot be developed in the

joined. A PR connection usually has two or more failure  ~gnnection resistance

modes. The weakest failure mechanism shall be

considered to govern the behavior of the joint. The . Bgare steel PR connections

beam and/or column need only resist the maximum

force (or moment) that can be delivered by the For all other PR connections, the rotational spring
connection. General design provisions for PR frames  gtjffness may be estimated by

given in AISC (1994a) or BSSC (1995) shall apply

unless superseded by th&segidelines Equations for M

calculating nominal design strength shall be used for Kg = _CE (5-15)
determining the expected strength, exaeptl, andy, 0.003

shall be used in place Bf,.
P y The connection strengtM g, is discussed in

5.4.3.2 Stiffness for Analysis Section 5.4.3.3.

A. Linear Static and Dynamic Procedures As a simplified alternative analysis method to an exact

PR frame analysis, where connection stiffness is
modeled explicitly, the beam stiffne€s,,, may be

adjusted by

Beams, columns, and panel zones. Axial area, shear
area, moment of inertia, and panel zone stiffness shall
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1

El, adjusted= ————— 5-16
p adj on L1 ( )
2k, Elb

where

Kg = Equivalent rotational spring stiffness,
kip-in./rad

Mce = Expected moment strength, kip-in.

l, = Moment of inertia of the beam, .

h = Average story height of the columns, in.

Iy = Centerline span of the beam, in.

This adjusted beam stiffness may be used in standard
rigid-connection frame finite element analysis. The
joint rotation of the column shall be used as the joint
rotation of the beam at the joint with this simplified
analysis procedure.

B. Nonlinear Static Procedure

» Use elastic component properties as given in
Section 5.4.3.2A.

» Use appropriate nonlinear moment-curvature or
load-deformation behavior for beams, beam-

5.4.3.3 Strength and Deformation

Acceptance Criteria
A. Linear Static and Dynamic Procedures

The strength and deformation acceptance criteria for
these methods require that the load and resistance
relationships given in Equations 3-18 and 3-19 in
Chapter 3 be satisfied. The expected strength and other
restrictions for a beam or column shall be determined in
accordance with the provisions given above in

Section 5.4.2.3 for FR frames.

Evaluation of component acceptability requires
knowledge of the lower-bound component capacity,
Q¢ for Equation 3-19 an@g for Equation 3-18, and
the ductility factorm, as given in Table 5-5 for use in
Equation 3-18. Values fd@cg andQg, for beams and
columns in PR frames are the same as those given in
Section 5.4.2.3 and Table 5-3 for FR frames. Values for
Qck for PR connections are given in this section.
Control points and acceptance criteria for Figure 5-1 for
PR frames are given in Table 5-6. Valuesrfoare

given in Table 5-5 for the Immediate Occupancy, Life
Safety, and Collapse Prevention Performance Levels.

B. Nonlinear Static Procedure

The NSP requires modeling of the complete load-
deformation relationship to failure for each component.

columns, and panel zones as given in Section 5.4.2 Thjs may be based on experiment, or a rational analysis,

for FR frames.

Use appropriate nonlinear moment-rotation behavior
for PR connections as determined by experiment. In
lieu of experiment, or more rational analytical
procedure based on experiment, the moment-rotation
relationship given in Figure 5-1 and Table 5-6 may be
used. The parametefisandé, are rotation and yield
rotation. The value fof, may be assumed to be 0.003
or 0.005 in accordance with the provisions in

Section 5.4.3.2A.

Q andQ¢g are the component moment and expected

yield moment, respectively. Approximate values of
Mcg for common types of PR connections are given in

Section 5.4.3.3B.

C. Nonlinear Dynamic Procedure

The complete hysteretic behavior of each component
must be properly modeled based on experiment.

preferably verified by experiment. In lieu of these, the
conservative and approximate behavior depicted by
Figure 5-1 may be used. The values@gj: and6, are

the same as those used in the LSP in Sections 5.4.2.2
and 5.4.3.2. The deformation limits and nonlinear
control pointsg, d, ande, shown in Figure 5-1 are

given in Table 5-6.

The expected strengtQ.g, for PR connections shall

be based on experiment or accepted methods of analysis
as given in AISC (1994a and b) or in iemmentary

In lieu of these, approximate conservative expressions
for Qcg for common types of PR connections are given

below.

Riveted or Bolted Clip Angle Connection.  This is a
beam-to-column connection as defined in Figure 5-4.
The expected moment strength of the connechit,

may be conservatively determined by using the smallest
value ofMcg computed using Equations 5-17 through

5-22.
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Table 5-5 Acceptance Criteria for Linear Procedures—~Patrtially Restrained (PR) Moment Frames
m Values for Linear Methods
Primary Secondary
Component/Action 10 LS CP LS CP
Partially restrained moment connection
For top and bottom clip angles®
a. Rivet or bolt shear failure® 15 4 6 6 8
b. Angle flexure failure 2 5 7 7 14
c. Bolt tension failure? 1 15 25 4 4
For top and bottom T-stub?
a. Bolt shear failure? 15 4 6 6 8
b. T-stub flexure failure 2 5 7 7 14
c. Bolt tension failure? 1 15 25 4 4
For composite top and clip angle bottom?
a. Yield and fracture of deck reinforcement 1 2 3 4 6
b. Local yield and web crippling of column flange 15 4 6 5 7
c. Yield of bottom flange angle 15 4 6 6 7
d. Tensile yield of column connectors or OSL of angle 1 15 25 25 35
e. Shear yield of beam flange connections 1 25 35 35 45
For flange plates welded to column bolted or welded to beam?
a. Failure in net section of flange plate or shear failure of bolts or rivets? 15 4 5 4 5
b. Weld failure or tension failure on gross section of plate 0.5 15 2 15 2
For end plate welded to beam bolted to column
a. Yielding of end plate 2 55 7 7 7
b. Yield of bolts 15 2 3 4
c. Failure of weld 0.5 15

1. Assumed to have web plate or stiffened seat to carry shear. Without shear connection, this may not be downgraded iy raeetendkd, >
18 inches, multiplym values by 181,

2. For high-strength bolts, divide these values by two.

If the shear connectors between the beam flange and thé,, = Unfactored nominal shear strength of the bolts

flange angle control the resistance of the connection: or rivets given in AISC (1994a), ksi
N, = Least number of bolts or rivets connecting the
Qce = Mg = dy(Fy,ApNp) (5-17) top or bottom flange to the angle
If the tensile capacity of the horizontal outstanding leg
where (OSL) of the connection controls the capacity, tRep

is the smaller of

Gross area of rivet or bolt, fn.
Overall beam depth, in. Pces FyeAg (5-18)

Ap
dy
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Table 5-6 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Partially
Restrained (PR) Moment Frames
Residual Joint Rotation
Plastic Force
Rotation 1 Ratio Primary Secondary
a b c 10 LS CP LS CP

Top and Bottom Clip Angles 1!

a. Rivet or bolt shear? 0.036 0.048 0.200 0.008 0.020 | 0.030 | 0.030 0.040

b. Angle flexure 0.042 0.084 0.200 0.010 0.025 | 0.035 0.035 | 0.070

c. Bolt tension 0.016 0.025 1.000 0.005 0.008 | 0.013 | 0.020 0.020
Top and Bottom T-Stub *

a. Rivet or bolt shear? 0.036 0.048 0.200 0.008 0.020 | 0.030 | 0.030 0.040

b. T-stub flexure 0.042 0.084 0.200 0.010 0.025 | 0.035 | 0.035 0.070

c. Rivet or bolt tension 0.016 0.024 0.800 0.005 0.008 0.013 0.020 0.020
Composite Top Angle Bottom 1

a. Deck reinforcement 0.018 0.035 0.800 0.005 0.010 0.015 0.020 0.030

b. Local yield column flange 0.036 0.042 0.400 0.008 0.020 0.030 0.025 0.035

c. Bottom angle yield 0.036 0.042 0.200 0.008 0.020 | 0.030 0.025 | 0.035

d. Connectors in tension 0.015 0.022 0.800 0.005 0.008 0.013 0.013 0.018

e. Connections in shear? 0.022 0.027 0.200 0.005 0.013 0.018 | 0.018 0.023
Flange Plates Welded to Column Bolted or Welded to Beam 2

a. Flange plate net section or 0.030 0.030 0.800 0.008 0.020 0.025 0.020 0.025

shear in connectors

b. Weld or connector tension 0.012 0.018 0.800 0.003 0.008 0.010 0.010 0.015
End Plate Bolted to Column Welded to Beam

a. End plate yield 0.042 0.042 0.800 0.010 0.028 | 0.035 | 0.035 0.035

b. Yield of bolts 0.018 0.024 0.800 0.008 0.010 | 0.015 | 0.020 | 0.020

c. Fracture of weld 0.012 0.018 0.800 0.003 0.008 0.010 | 0.015 0.015

1. If dy> 18, multiply deformations by 1&}. Assumed to have web plate to carry shear. Without shear connection, this may not be downgraded to a
secondary member.

2. For high-strength bolts, divide rotations by 2.

Pce< Frefe (5-19) and
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where
b, = Dimension shown in Figure 5-4, in.
S q E w = Length of the flange angle, in.
2 , Fye = Expected yield strength
| A\
<dhXe Riveted or Bolted T-Stub Connection. A riveted or
dlbo bolted T-stub connection is a beam-to-column
connection as depicted in Figure 5-5. The expected
dq|po moment strengtiVicg, may be determined by using the
[ A A smallest value of-g computed using Equations 5-23
through 5-25.
d
Figure 5-4 Clip Angle Connection

]

where bt d

A, = Effective net area of the OSL, n. q ﬁ N
Aq = Gross area of the OSL, fn. dF o
P = Force in the OSL, kips alb o
t, = Thickness of angle, in.

N | q|Placs
If the tensile capacity of the rivets or bolts attaching the
OSL to the column flange control the capacity of the d ﬁ
connection:

Qce = Mce = (db + ba) (FteACNb) (5-21) Figure 5-5 T-Stub Connection may be FR or PR
Connection

where
A; = Rivetor bolt area, iR. If the shear connectors between the beam flange and the

T-stub web control the resistance of the connection, use

b, = Dimension in Figure 5-4, in. Equation 5-17.

Fie = Expected tensile strength of the bolts or rivets,

ksi If the tension capacity of the bolts or rivets connecting
N, = Least number of bolts or rivets connecting top the T-stub flange to the column flange control the

or bottom angle to column flange resistance of the connection:
Flexural yielding of the flange angles controls the Qce = Mcg = (dy +2b + 1) (FieApNp) - (5-23)

expected strength if:
where

Number of fasteners in tension connecting the
flanges of one T-stub to the column flange

Thickness of T-stub stem

2
wt_F
_Q_E;(db +b,) (5-22) Np

4b-—ﬂ
[a 2 tg

Qce = Mg =
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If tension in the stem of the T-stub controls the
resistance, use Equations 5-18 and 5-19 A@tbndAe

being the gross and net areas of the T-stub stem.
If flexural yielding of the flanges of the T-stub controls
the resistance of the connection:
\
2
(dp +t)wWtF | u Stiffener as
— I St I ye _
Qce = Mcg = Z(bt_kl) (5-24) Required
/ 4 )
where N
| Z4

k; = Distance from the center of the T-stub stem to »/0

the edge of the T-stub flange fillet, in. (0]
b, = Distance between one row of fasteners in the o)

T-stub flange and the centerline of the stem

(Figure 5-5; different fronb, in Figure 5-4)
w = Length of T-stub, in.
tr = Thickness of T-stub flange, in.

] Figure 5-6 Flange Plate Connection may be FR or

Flange Plate Connections. Flange plate connections PR Connection

are sometimes used as shown in Figure 5-6. This
connection may be considered to be fully restrained if
the strength is sufficient to develop the strength of the end plate. The design stren@bg = Mg shall be
beam. The expected strength of the connection may becomputed in accordance with AISC (1994b) or by any
calculated as other rational procedure supported by experimental
results.
Qce = Mg = PCE(db+tp) (5-25)
Composite Partially Restrained Connections. These
may be used as shown in Figure 5-8. The equivalent
rotational spring constari{g, shall be that given by
Pce = Expected strength of the flange plate Equation 5-14. The behavior of these connections is
connection as governed by the net section of complex, with several possible failure mechanisms.
the flange plate or the shear capacity of the ~ Strength calculations are discussed inGQoenmentary
bolts or welds, kips

. . . Nonli D icP
to = Thickness of flange plate, in. C. Nonlinear Dynamic Procedure

See Section 5.4.2.3.

The strength of the welds must also be checked. The 5434 Rehabilitation Measures for PR

flange plates may also be bolted to the beam; in this Moment Frames
case, the strength of the bolts and the net section of the o ]
flange plates must also be checked. The rehabilitation measures for FR moment frames will

often work for PR moment frames as well (see

End Plate Connections. As shown in Figure 5-7, these ~ Section 5.4.2.4). PR moment frames are often too
may sometimes be considered to be FR if the strength idlexible to provide adequate seismic performance.
great enough to develop the expected strength of the Adding concentric or eccentric bracing, or reinforced
beam. The strength may be governed by the bolts that concrete or masonry infills, may be a cost-effective
are under combined shear and tension or bending in théehabilitation measure.
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be rehabilitated by replacing rivets with high-strength
bolts, adding weldment to supplement rivets or bolts,
welding stiffeners to connection pieces or combinations

n of these measures.
i
§|
55.1 General
§|
§|

5.5 Steel Braced Frames

The seismic resistance of steel braced frames is
primarily derived from the axial force capacity of their
components. Steel braced frames act as vertical trusses
where the columns are the chords and the beams and
braces are the web members. Braced frames may act
alone or in conjunction with concrete or masonry walls,
or steel moment frames, to form a dual system.

ai

Steel braced frames may be divided into two types:
concentric braced frames (CBF) and eccentric braced
frames (EBF). Columns, beams, braces, and
connections are the components of CBF and EBF. A
link beam is also a component of an EBF. The
components are usually hot-rolled shapes. The
components may be bare steel, steel with a

. nonstructural coating for fire protection, steel with
[l concrete encasement for fire protection, or steel with
masonry encasement for fire protection.

Figure 5-7 End Plate Connection may be FR or PR
Connection

Reinforcement
or wire mesh

==

%

5.5.2 Concentric Braced Frames (CBF)

AN FaWal 5.5.2.1 General

p G E Concentric braced frames are braced systems whose
worklines essentially intersect at points. Minor
eccentricities, where the worklines intersect within the
width of the bracing member are acceptable if
Reinforcement accounted for in the design.

or wire mesh

5.5.2.2 Stiffness for Analysis

A. Linear Static and Dynamic Procedures

Beams and Columns. Axial area, shear area, and
moment of inertia shall be calculated as given in
Section 5.4.2.2.

M% ;
]

Connections. FR connections shall be modeled as
given in Section 5.4.2.2. PR connections shall be
modeled as given in Section 5.4.3.2.

Figure 5-8 Two Configurations of PR Composite
Connections

Braces. Braces shall be modeled the same as columns

Connections in PR moment frames are usually the for linear procedures.

weak, flexible, or both, components. Connections may
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B. Nonlinear Static Procedure accepted engineering practice. Guidelines for this are

« Use elastic component properties as given in given in theCommentary

Section 5.4.2.2A. )
5.5.2.3 Strength and Deformation

« Use appropriate nonlinear moment curvature or Acceptance Criteria

load-deformation behavior for beams, columns, A. Linear Static and Dynamic Procedures

braces, and connections to represent yielding and g gyrangth and deformation acceptance criteria for
buckling. Guidelines are given in Section 5.4.2.2 for these methods require that the load and resistance
beams z_and columns and Section 5.4.3.2 for PR relationships given in Equations 3-18 and 3-19 in
connections. Chapter 3 be satisfied. The design strength and other
restrictions for a beam and column shall be determined
in accordance with the provisions given in

Section 5.4.2.3.

Braces. Use nonlinear load-deformation behavior for
braces as determined by experiment or analysis
supported by experiment. In lieu of these, the load
versus axial deformation relationship given in

Figure 5-1 and Table 5-8 may be used. The parameter
A and4, are axial deformation and axial deformation at

brace buckling. The reduction in strength of a brace

after buckling must be included in the model. Elasto- . ;
plastic brace behavior may be assumed for the Equation 3-10. Columns shall be considered to be

compression brace if the yield force is taken as the force-controlled members. Values Qgg andQcy_for

residual strength after buckling, as indicated by the ~ P€ams and columns are the same as those given in
parametec in Figure 5-1 and Table 5-8. Implications of S€ction 5.4.2.3 for FR frameQce andQc,_ for PR

Evaluation of component acceptability requires
ﬁmowledge of the component lower-bound capacity,
QcL, for Equation 3-19 an@cg for Equation 3-18, and

the ductility factorm, as given in Table 5-7 for use in

forces higher than this lower-bound force must be connections are given in Section 5.4.3.3B. Braces are

considered. deformation-controlled components where the expected
strength for the brace in compression is computed in the

C. Nonlinear Dynamic Procedure same manner as for columns given in Section 5.4.2.3.

The complete hysteretic behavior of each component
must be properly based on experiment or generally

Table 5-7 Acceptance Criteria for Linear Procedures—Braced Frames and
Steel Shear Walls
m Values for Linear Procedures
Primary Secondary

Component/Action 10 LS CP LS CP
Concentric Braced Frames

Columns:!

a. Columns in compression® Force-controlled member, use Equation 3-15 or 3-16.

b. Columns in tension® 1 3 5 6 7
Braces in Compression 2

a. Double angles buckling in plane 0.8 6 8 7 9

b. Double angles buckling out of plane 0.8 5 7 6 8

c. Worlshape 0.8 6 8 6 8

d. Double channel buckling in plane 0.8 6 8 7 9

e. Double channel buckling out of plane 0.8 5 7 6 8

f. Rectangular concrete-filled cold-formed tubes 0.8 5 7 5 7
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Table 5-7 Acceptance Criteria for Linear Procedures—Braced Frames and

Steel Shear Walls (continued)

m Values for Linear Procedures

Primary Secondary
Component/Action 10 LS CP LS CP
g. Rectangular cold-formed tubes
1 gS _99_ 0.8 5 7 5 7
” 92 1_90 0.8 2 3 2 3
3 _9__ S%S J-__Q Use linear interpolation

, 9.1500 0.8 5 7 5 7
t Fy
. 2 2
, d 6000 0.8 3 3
t Fy
3 1500S g < 6000 Use linear interpolation
Fy t y

Braces in Tension 3

Eccentric Braced Frames

a. Beams

Governed by link

b. Braces Force-controlled, use Equation 3-19
c. Columns in compression Force-controlled, use Equation 3-19
d. Columns in tension 1 3 5 6 7
Link beam #

ZMCE 1.5 9 13 13 15
a’——=—=<1.6d: 16, e: 18, c: 1.00

eVCE

2MCE Same as for beam in FR moment frame; see Table 5-3
bh.—=—<2.6

eVee

2M
c.1.6s—CEcop

Use linear interpolation
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Table 5-7 Acceptance Criteria for Linear Procedures—Braced Frames and
Steel Shear Walls (continued)

m Values for Linear Procedures

Primary Secondary

Component/Action 10 LS CP LS CP
Steel Shear Walls © 15 8 12 12 14

1. Columns in moment or braced frames need only be designed for the maximum force that can be delivered.

Connections in braced frames should be able to carry 1.25 times the brace strength in compression, or the expecaitthstreagther in tension.
Otherwise maximum value of = 2.

For tension-only bracing systems, divide thesalues by 2.
Assumes ductile detailing for flexural links.

Link beams with three or more web stiffeners. If no stiffeners, use half of these values. For one or two stiffeneginterpol

2

Applicable if stiffeners are provided to prevent shear buckling.

For common cross bracing configurations where both compressed members must be able to resist 0.5 times

braces are attached to a common gusset plate where the maximum brace force where buckling of the brace

they cross at their midpoints, the effective length of  will cause shear forces in the stitches. If not, stitch

each brace may be taken as 0.5 times the total length gblates shall be added, or timevalues in Table 5-7 and

the brace including gusset plates for both axes of deformation limits in Table 5-8 shall be reduced by

buckling. For other bracing configurations (chevron, V, 50%. Values ofn need not be less than 1.0.

single brace), if the braces are back-to-back shapes

attached to common gusset plates, the length shall be B. Nonlinear Static Procedure

taken as the total length of the brace including gusset The NSP requires modeling of the complete nonlinear

plates, ank, the effective length factor, (AISC, 1994a)  force-deformation relationship to failure for each

may be assumed to be 0.8 for in-plane buckling and 1.Q;omponent. This may be based on experiment, or

for out-of-plane buckling. analysis verified by experiment. Guidelines are given in
o ] theCommentaryin lieu of these, the conservative

Restrictions on bracmg members, gusset plates, brace approximate behavior depicted in Figure 5-1 may be

configuration, and lateral bracing of link beams are used. The values f@cg and@, are the same as those

given in the seismic provisions of AISC (1994a). If the | sad for the LSP. Deformation parameter ande for

special requirements of Section 22.11.9.2 of AISI Figure 5-1 and deformation limits are given in
(1?86) are met, thei] 1.0 may be added to the bnace  rapj6 5.8 The force-deformation relationship for the
values given in Table 5-7. compression brace should be modeled as accurately as

h hof b . hall be the | ipossible (see theommentary. In lieu of this, the brace
The strength of brace connections shall be the larger of, 5y he assumed to be elasto-plastic, with the yield

the maximum force deliverable by the tension brace or o ce equal to the residual force that corresponds to the

1.25 times the maximum force deliverable by the parametec in Figure 5-1 and Table 5-8. This
comprehssmrébraci?‘.alf nlot, the go&mfectlon_shell_ll be assumption is an estimate of the lower-bound brace
strengthened, or tia values and deformation limits - ¢5rce |mplications of forces higher than this must be
shall be reduced to comparable values given for considered.

connectors with similar limit states (see Table 5-5).

. . C. Nonlinear Dynamic Procedure
Stitch plates for built-up members shall be spaced such , _
that the largest slenderness ratio of the components of | € complete hysteretic behavior of each component

the brace is at most 0.4 times the governing slendernes@1Ust be modeled for this procedure. Guidelines for this
ratio of the brace as a whole. The stitches for are given in th€ommentary
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Table 5-8 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Braced Frames
and Steel Shear Walls
A Residual Deformation
— Force
Ay Ratio Primary Secondary
Component/Action d e c 10 LS CP LS CP
Concentric Braced Frames
a. Columns in compression® Force-controlled, use Equation 3-19
b. Columns in tension? 6 ‘ 8 ‘ 1.000 ‘ 1 4 ‘ 6 ‘ 7 ‘ 8
Braces in Compression 23
a. Two angles buckle in plane 1 10 0.2 0.8 6 8 8 9
b. Two angles buckle out of plane 1 0.2 0.8 5 7 7 8
c. Wor |l shape 1 0.2 0.8 6 8 8 9
d. Two channels buckle in plane 1 10 0.2 0.8 6 8 8 9
e. Two channels buckle out of plane | 1 0.2 0.8 5 7 7 8
f. Concrete-filled tubes 1 0.2 0.8 5 7 7 8
g. Rectangular cold-formed tubes
1 8 0.4 0.8 5 7 7 8
1. 990
t
Fy
1 4 0.2 0.8 2 3 3 4
, d5 190
t
Fy
Use linear interpolation
, 90 _d_ 190 P
t
[F, Fy
h. Circular hollow tubes
d 1500 1 10 0.4 0.8 5 7 6 9
1. =< ——
t Fy
d_. 6000 1 4 0.2 0.8 2 3 3 4
2. =2 ——
t Fy
1500 _d _ 6000 Use linear interpolation
3. — < - ——
Fy t Fy
Braces in Tension 12 |15 | 0800 1 8 (10 |12 |14
Eccentric Braced Frames
a. Beams Governed by link
b. Braces Force-controlled, use Equation 3-19
c. Columns in compression Force-controlled, use Equation 3-19
d. Columns in tension 6 | 8 | 1.000 E E I | 7 IE
5-28 Seismic Rehabilitation Guidelines FEMA 273



Chapter 5: Steel and Cast Iron
(Systematic Rehabilitation)

Table 5-8 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Braced Frames
and Steel Shear Walls (continued)
A Residual Deformation
- Force
Ay Ratio Primary Secondary
Component/Action d e c 10 LS CP LS CP
Link Beam 3
ZMCE 16 18 0.80 15 12 15 15 17
at—=—x<16
eVee
2M Same as for beam in FR moment frame (see Table 5-4)
b. —=E>2.6
eVee
2M CE Use linear interpolation
c. 1.6s—=—=<26
eVee
Steel Shear Walls 5 R EREL EREE I
1. Columns in moment or braced frames need only be designed for the maximum force that can be delivered.
2. A.is the axial deformation at expected buckling load.
3. Deformation is rotation angle between link and beam outside link or column. Azﬁsw'rs@.Ol radians for short links.
4. Link beams with three or more web stiffeners. If no stiffeners, use half of these values. For one or two stiffeneginterpol
5. Applicable if stiffeners are provided to prevent shear buckling.
55.2.4 Rehabilitation Measures for 55.3.2 Stiffness for Analysis

Concentric Braced Frames A. Linear Static and Dynamic Procedures

Provisions for moment frames may be applicable to  The elastic stiffness of beams, columns, braces, and
braced frames. Braces that are insufficient in strength ~4,nections are the same as those used for FR and PR
and/or ductility may be replaced or modified. moment frames and CBF. The load-deformation model

Insufficient connections may also be modified. _ for a link beam must include shear deformation and
Columns may be encased in concrete to improve their fayral deformation.

performance. For further guidance, see Section 5.4.2.4

and theCommentary The elastic stiffness of the link beaky, is
5.5.3 Eccentric Braced Frames (EBF) K K

K = —sb (5-26)
5.5.3.1 General e~ K + K,

S

For an EBF, the action lines of the braces do not
intersect at the action line of the beam. The distance where
between the brace action lines where they intersect the
beam action line is the eccentricigy,The beam GA,
segment between these points is the link beam. The Ks = — (5-27)
strength of the frame is governed by the strength of the
link beam.
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and

12El,

Ky = 2 (5-28)
e

where
Ay = (dy— 2 ty, in?
e = Length of link beam, in.
G = Shear modulus, k/if.
Ke = Stiffness of the link beam, k/in.
Ky = Flexural stiffness, kip/in.
Ks = Shear stiffness, kip/in.

The strength of the link beam may be governed by
shear, flexure, or the combination of these.

1.6M
If es —CE
CE
Qce = Vce = 0.6F A, (5-29)
where
Mce = Expected moment, Kip/in.
2.6M
If e> —CE
CE
_ oMce
Qce = Veg = 2 . (5-30)
1.6M 2.6M
CEcecx CE use linear interpolation
Vee Vee

between Equations 5-29 and 5-30.

The yield deformation is the link rotation as given by

QZQ_CE

y Ke

(5-31)

B. Nonlinear Static Procedure

The NSP requires modeling of the complete nonlinear
load-deformation relation to failure for each
component. This may be based on experiment, or
rational analysis verified by experiment. In lieu of
these, the load versus deformation relationship given in
Figure 5-1 and Table 5-8 may be us@gg and6, are

calculated in accordance with provisions given in AISC
(1994a) or by rational analysis.

The nonlinear models used for beams, columns, and
connections for FR and PR moment frames, and for the
braces for a CBF, may be used.

C. Nonlinear Dynamic Procedure

The strength and deformation criteria require that the
load and resistance relationships given in

Equations 3-18 and 3-19 in Chapter 3 be satisfied. The
complete hysteretic behavior of each component must
be modeled for this procedure. Guidelines for this are
given in theCommentary

5.5.3.3 Strength and Deformation
Acceptance Criteria

A. Linear Static and Dynamic Procedures

The modeling assumptions given for a CBF are the same
as those for an EBF. Values Qg and6, are given in

Section 5.5.3.2 anah values are given in Table 5-7. The
strength and deformation capacities of the link beam may
be governed by shear strength, flexural strength, or their
interaction. The values @cg and@, are the same as

those used in the LSP as given in Section 5.5.3.2A. Links
and beams are deformation-controlled components and
must satisfy Equation 3-18. Columns and braces are to be
considered force-controlled members and must satisfy
Equation 3-19.

The requirements for link stiffeners, link-to-column
connections, lateral supports of the link, the diagonal
brace and beam outside the link, and beam-to-column
connections given in AISC (1994a) must be met. The
brace should be able to carry 1.25 times the link strength
to ensure link yielding without brace or column buckling.
If this is not satisfied for existing buildings, the design
professional shall make extra efforts to verify that the
expected link strength will be reached before brace or
column buckling. This may require additional inspection
and material testing. Where the link beam is attached to
the column flange with full-pen welds, the provisions for
these connections is the same as for FR frame full-pen
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connections. The columns of an EBF are force-controlled5.6.2 Stiffness for Analysis
members. The maximum force deliverable to a column

should be calculated from the maximum brace forces ~ 9-6-2.1 Linear Static and Dynamic
equal to 1.25 times the calculated strength of the brace. Procedures

_ _ The most appropriate way to analyze a steel plate wall
B. Nonlinear Static Procedure is to use a plane stress finite element model with the

The NSP requirements for an EBF are the same as thodeeams and columns as boundary elements. The global
for a CBF. Modeling of the nonlinear load deformation stiffness of the wall can be calculated. The modeling
of the link beam should be based on experiment, or ~ can be similar to that used for a reinforced concrete
rational analysis verified by experiment. In lieu of shear wall. A simple approximate stiffné&g for the
these, the conservative approximate behavior depictedwall is

in Figure 5-1 may be used. Values @gg and6, are

the same as those used for the LSP. Deformation limits Gat,,

are given in Table 5-8. Ky = - (5-32)

C. Nonlinear Dynamic Procedure
where

The complete hysteretic behavior of each component
must be properly modeled. This behavior must be G
verified by experiment. This procedure is not
recommended in most cases.

Shear modulus of steel, ksi
Clear width of wall between columns, in.

h = Clear height of wall between beams, in.
5.5.3.4 Rehabilitation Measures for Eccentric t, = Thickness of plate wall, in.
Braced Frames
Many of the beams, columns, and braces may be Other approximations of the wall stiffness based on

rehabilitated using procedures given for moment framesprinciples of mechanics are acceptable.
and CBFs. Cover plates and/or stiffeners may be used

for these components. The strength of the link beam 5.6.2.2 Nonlinear Static Procedure
may be increased by adding cover plates to the beam
flange(s), adding doubler plates or stiffeners to the web
or changing the brace configuration.

The elastic part of the load-deformation relationship for
the wall is given in Section 5.6.2.1. The yield load,
Qck: is given in the next section. The complete

nonlinear load-deformation relationship should be

5.6 Steel Plate Walls based on experiment or rational analysis. In lieu of this,
the approximate simplified behavior may be modeled

5.6.1 General using Figu