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FOREWORD

In 2003, the Board of Direction approved the
revision to the ASCE Rules for Standards Committees
to govern the writing and maintenance of standards
developed by the Society. All such standards are
developed by a consensus standards process managed
by the Society’s Codes and Standards Committee
(CSC). The consensus process includes balloting
by a balanced standards committee made up of
Society members and nonmembers, balloting by the
membership of the Society as a whole, and ballot-
ing by the public. All standards are updated or
reaffirmed by the same process at intervals not
exceeding five years.

The material presented in this Standard has been
prepared in accordance with recognized engineering
principles. This Standard should not be used without
first securing competent advice with respect to its suit-
ability for any given application. The publication of
the material contained herein is not intended as a rep-
resentation or warranty on the part of the American
Society of Civil Engineers, or of any other person
named herein, that this information is suitable for
any general or particular use or promises freedom
from infringement of any patent or patents. Anyone
making use of this information assumes all liability
from such use.
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Seismic Rehabilitation of Existing Buildings

1.0 REHABILITATION REQUIREMENTS
1.1 SCOPE

This standard for the Seismic Rehabilitation of
Existing Buildings, referred to herein as “this stan-
dard,” specifies nationally applicable provisions for the
seismic rehabilitation of buildings. Seismic rehabilita-
tion is defined as improving the seismic performance
of structural and/or nonstructural components of a
building by correcting deficiencies identified in a seis-
mic evaluation. Seismic evaluation is defined as an
approved process or methodology of evaluating defi-
ciencies in a building, which prevent the building from
achieving a selected Rehabilitation Objective. Seismic
evaluation using ASCE 31 (ASCE 2002), the proce-
dures and criteria of this standard, or other procedures
and criteria approved by the authority having jurisdic-
tion is permitted.

Seismic rehabilitation of existing buildings shall
comply with requirements of this standard for select-
ing a Rehabilitation Objective and conducting the seis-
mic rehabilitation process to achieve the selected
Rehabilitation Objective. This standard does not pre-
clude a building from being rehabilitated by other pro-
cedures approved by the authority having jurisdiction.

Symbols, acronyms, definitions, and references
used throughout this standard are cited separately in
sections located at the end of this standard.

C1.1 SCOPE

This standard is intended to serve as a nationally
applicable tool for design professionals, code officials,
and building owners undertaking the seismic rehabili-
tation of existing buildings. In jurisdictionally man-
dated seismic rehabilitation programs, the code official
serves as the authority having jurisdiction. In volun-
tary seismic rehabilitation programs, the building
owner, or the owner’s designated agent, serves as the
authority having jurisdiction.

This standard consists of two parts: Provisions,
which contain the technical requirements, and
Commentary, intended to explain the provisions.
Commentary for a given section is located immediately
following the section and is identified by the same sec-
tion number preceded by the letter C.

It is expected that most buildings rehabilitated in
accordance with this standard would perform within

the desired levels when subjected to the design earth-
quakes. However, compliance with this standard does
not guarantee such performance; rather, it represents
the current standard of practice in designing to attain
this performance. The practice of earthquake engineer-
ing is rapidly evolving, and both our understanding of
the behavior of buildings subjected to strong earth-
quakes and our ability to predict this behavior are
advancing. In the future, new knowledge and technol-
ogy will improve the reliability of accomplishing these
goals.

The procedures contained in this standard are
specifically applicable to the rehabilitation of existing
buildings and, in general, are more appropriate for that
purpose than are new building codes. New building
codes are primarily intended to regulate the design and
construction of new buildings; as such, they include
many provisions that encourage or require the develop-
ment of designs with features important for good seismic
performance, including regular configuration, structural
continuity, ductile detailing, and materials of appropri-
ate quality. Many existing buildings were designed and
constructed without these features and contain charac-
teristics such as unfavorable configuration and poor
detailing that preclude application of building code pro-
visions for their seismic rehabilitation.

Although it is intended to be used as a follow-up
to a previous seismic evaluation, this standard can also
be used as an evaluation tool to ascertain compliance
with a selected rehabilitation objective. An ASCE 31,
Tier 3 evaluation is an example of this use. It should
be noted, however, that an evaluation using this stan-
dard may be more stringent than other evaluation
methodologies because the provisions have been cali-
brated for use in design. Historically, criteria for evalu-
ation have been set lower than those for design to
minimize the need to strengthen buildings that would
otherwise have only modest deficiencies.

The expertise of the design professional in earth-
quake engineering is an important prerequisite for the
appropriate use of this standard in assisting a building
owner to select voluntary seismic criteria or to design
and analyze seismic rehabilitation projects, whether
voluntary or required. The analytical work required by
this standard must be performed under the responsible
charge of a licensed professional engineer; however,
that does not preclude a design professional without a
professional engineering license, but with responsible
charge, from leading a seismic rehabilitation project.
For example, an architect with responsible charge can
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lead a seismic rehabilitation project conducted in
accordance with the simplified rehabilitation described
in Chapter 10.

This standard is intended to be generally applica-
ble to seismic rehabilitation of all buildings—regardless
of importance, occupancy, historic status, or other
classifications of use. However, application of these
provisions should be coordinated with other require-
ments that may be in effect, such as ordinances gov-
erning historic structures or hospital construction. In
addition to the direct effects of ground shaking, this
standard also addresses the effects of local geologic
site hazards such as liquefaction.

This standard is arranged such that there are four
analysis procedures that can be used, including the
Linear Static Procedure, Linear Dynamic Procedure,
Nonlinear Static Procedure, and Nonlinear Dynamic
Procedure. The linear analysis procedures are intended
to provide a conservative estimate of building response
and performance in an earthquake, though they are not
always accurate. Since the actual response of buildings
to earthquakes is not typically linear, the nonlinear
analysis procedures should provide a more accurate
representation of building response and performance.
In recognition of the improved representation of build-
ing behavior when nonlinear analysis is conducted, the
nonlinear procedures have less-conservative limits on
permissible building response than do linear proce-
dures. Buildings that are found to be seismically defi-
cient based on linear analysis may comply with this
standard if a nonlinear analysis is performed.
Therefore, performing a nonlinear analysis can mini-
mize or eliminate unnecessary seismic rehabilitation
and potentially lower construction costs.

This standard applies to the seismic rehabilitation
of both the overall structural system of a building and
its nonstructural components, including ceilings, parti-
tions, mechanical, electrical, and plumbing systems.

With careful extrapolation, the procedures of this
standard may also be applied to many nonbuilding
structures such as pipe racks, steel storage racks, struc-
tural towers for tanks and vessels, piers, wharves, and
electrical power generating facilities. However, the
applicability of these procedures has not been fully
examined for every type of structure—particularly
those that have generally been covered by specialized
codes or standards, such as bridges and nuclear power
plants.

Jurisdictions will adopt this standard as an ordi-
nance that only applies to the seismic rehabilitation of
existing buildings or adopt this standard by reference
as part of a comprehensive code addressing all aspects
of rehabilitating existing buildings. In adopting this
standard, the jurisdiction will select one or more
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rehabilitation objectives which must be met by build-
ings that have either been targeted by the jurisdiction
for mandated seismic rehabilitation or—by reason of
owner-initiated activities, such as major structural
modifications—have come under the jurisdiction’s
rehabilitation ordinance. Since codes for new buildings
have chapters that briefly address existing buildings,
care must be taken in coordinating and referencing the
adoption of this standard to avoid ambiguity and con-
fusion with other ordinances and codes.

Since almost all structural seismic rehabilitation
work requires a building permit, the code official will
become an important part of the process. For voluntary
rehabilitation efforts, the building owner and the code
official need to come to agreement about the intended
rehabilitation objective. The code official will verify
that the owner’s stated objective is met in the design
and construction phases of the work. For jurisdiction-
ally required rehabilitation efforts, whether caused by
passive or active programs (see Appendix A), the code
official will verify that the required objective is met.
Because the approaches and technology of this stan-
dard are not yet in the mainstream of design and con-
struction practices of the United States, it is imperative
that the code official either develop the expertise in
this methodology or utilize a peer review type of
process to verify the appropriate application of this
standard. A jurisdiction must also remain flexible and
open to other analyses and evaluations, which provide
a reasonable assurance of meeting the appropriate
rehabilitation objective.

In addition to techniques for increasing the
strength and ductility of systems, this standard pro-
vides techniques for reducing seismic demand, such as
the introduction of isolation or damping devices.
Design of new buildings and evaluation of components
for gravity and wind forces in the absence of earth-
quake demands are beyond the scope of this standard.

This standard does not explicitly address the
determination of whether or not a rehabilitation project
should be undertaken for a particular building.
Guidance on the use of this standard in voluntary or
directed risk-mitigation programs is provided in
Appendix A. Determining where these provisions
should be required is beyond the scope of this stan-
dard. Once the decision to rehabilitate a building has
been made, this standard can be referenced for
detailed engineering guidance on how to conduct a
seismic rehabilitation analysis and design.

Featured in this standard are descriptions of dam-
age states in relation to specific performance levels.
These descriptions are intended to aid the authority
having jurisdiction, design professionals, and owners
in selecting appropriate performance levels for



rehabilitation design. They are not intended to be used
for condition assessment of earthquake-damaged
buildings. Although there may be similarities between
these damage descriptions and those used for
postearthquake damage assessment, many factors enter
into the processes of assessing seismic performance.
No single parameter in this standard should be cited as
defining either a performance level or the safety or
usefulness of an earthquake-damaged building.

Techniques for repair of earthquake-damaged
buildings are not included in this standard, but are ref-
erenced in the commentary pertaining to Chapters 5
through 8 where such guidelines exist. Any combina-
tion of repaired components, undamaged existing
components, and new components can be modeled
using this standard, and each checked against perfor-
mance level acceptance criteria. If the mechanical
properties of repaired components are known, accept-
ance criteria for use with this standard can be either
deduced by comparison with other similar components
or derived.

1.2 DESIGN BASIS

The selection of a seismic Rehabilitation Objective and
the performance-based design of rehabilitation meas-
ures to achieve the selected Rehabilitation Objective
shall be in accordance with the rehabilitation process
specified in Section 1.3. The use of alternative per-
formance-based criteria and procedures approved by
the authority having jurisdiction shall be permitted.

C1.2 DESIGN BASIS

Provisions of this standard for seismic rehabilitation
are based on a performance-based design methodology
that differs from seismic design procedures for the
design of new buildings currently specified in national
building codes and standards.

The framework in which these requirements are
specified is purposefully broad so that Rehabilitation
Objectives can accommodate buildings of different
types, address a variety of performance levels, and
reflect the variation of seismic hazards across the
United States and U.S. territories.

The provisions and commentary of this standard
are based primarily on the FEMA 356 Prestandard
(FEMA 2000) with limited material taken from the
FEMA 274 (FEMA 1997) Commentary. This standard
is intended to supersede FEMA 356, but FEMA 274
remains a valid explanation for the provisions in this
standard unless indicated otherwise in the relevant
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commentary of this standard. For this reason, section
numbers in this standard remain essentially the same
as in FEMA 356.

FEMA 356 was based on FEMA 273 (FEMA
1997), which was developed by a large team of spe-
cialists in earthquake engineering and seismic rehabili-
tation. The most advanced analytical techniques con-
sidered practical for production use have been incor-
porated. The acceptance criteria have been specified
using actual laboratory test results, where available,
supplemented by the engineering judgment of various
development teams. Certain buildings damaged in the
1994 Northridge earthquake and a limited number of
designs using codes for new buildings have been
checked using the procedures of FEMA 273. A com-
prehensive program of case studies was undertaken by
FEMA in 1998 to test more thoroughly the various
analysis techniques and acceptability criteria. The
results of this study are reported in FEMA 343, Case
Studies: An Assessment of the NEHRP Guidelines for
the Seismic Rehabilitation of Buildings. The results of
the FEMA 343 case studies have been incorporated in
the provisions of this standard, where possible.
Similarly, information from FEMA 350 (FEMA 2000),
FEMA 351 (FEMA 2000), and other reports published
by the SAC Joint Venture project, formed as a result of
the Northridge steel moment frame damage, has been
incorporated where applicable. Engineering judgment
should be exercised in determining the applicability of
various analysis techniques and material acceptance
criteria in each situation.

The commentary to this standard contains spe-
cific references to many other documents. In addition,
this standard is related generically to the following
publications.

1. FEMA 450, 2003 NEHRP Recommended
Provisions for Seismic Regulations for New
Buildings and Other Structures, also referred to
herein as the 2003 NEHRP Recommended
Provisions (FEMA 2004).

2. FEMA 237, Development of Guidelines for Seismic
Rehabilitation of Buildings, Phase I: Issues
Identification and Resolution (FEMA 1992), which
underwent an American Society of Civil Engineers
(ASCE) consensus approval process and provided
policy direction for this standard.

3. Applied Technology Council (ATC), ATC-28-2,
Proceedings of the Workshop to Resolve Seismic
Rehabilitation Sub-Issues (ATC 1993) provided
recommendations to the writers of this standard
on more detailed sub-issues.

4. FEMA 172, NEHRP Handbook of Techniques for
the Seismic Rehabilitation of Existing Buildings
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(FEMA 1992), originally produced by URS/Blume
and Associates and reviewed by the Building Seismic
Safety Council (BSSC), contains construction tech-
niques for implementing engineering solutions to

the seismic deficiencies of existing buildings.

5. FEMA 178, NEHRP Handbook for the Seismic
Evaluation of Existing Buildings (FEMA 1992),
which was originally developed by ATC and under-
went the consensus approval process of the BSSC,
covered the subject of evaluating existing buildings
to determine if they are seismically deficient in
terms of life safety. This document has been
updated by FEMA and ASCE, and is now ASCE 31,
Seismic Evaluation of Existing Buildings (ASCE
2002), which underwent an ASCE consensus
approval process. (The model building types and
other information from ASCE 31 are used or
referred to extensively in this standard in
Chapter 10.)

6. FEMA 156 and 157, Typical Costs for Seismic
Rehabilitation of Existing Buildings, Second
Edition (FEMA 1995), reports statistical analysis of
the costs of rehabilitation of more than 2,000 build-
ings based on construction costs or detailed studies.
Several different seismic zones and performance
levels are included in the data. Since the data were
developed in 1994, none of the data is based on
buildings rehabilitated specifically in accordance
with the FEMA 273 Guidelines document.
Performance levels defined in this standard are not
intended to be significantly different from parallel
levels used previously, and costs still should be
reasonably representative.

7. FEMA 275, Planning for Seismic Rehabilitation:
Societal Issues (FEMA 1998), discusses societal
and implementation issues associated with rehabili-
tation and describes several case histories.

8. FEMA 276, Guidelines for the Seismic Rehabilita-
tion of Buildings: Example Applications (FEMA
1999), intended as a companion document to
FEMA 273 and FEMA 274, describes examples
of buildings that have been seismically rehabilitated
in various seismic regions and for different
Rehabilitation Objectives. Costs of the work are
given and references made to FEMA 156 and 157.
Because this document is based on previous case
histories, none of the examples was rehabilitated
specifically in accordance with this standard.
However, performance levels defined in this stan-
dard are not intended to be significantly different
from parallel levels used previously, and the case
studies are therefore considered representative.

9. ATC 40, Seismic Evaluation and Retrofit of Concrete
Buildings (ATC 1996), incorporates performance
levels almost identical to those shown in Table C1-8
and employs “pushover’” nonlinear analysis tech-
niques. The capacity spectrum method for determin-
ing the displacement demand is treated in detail.
This document covers only concrete buildings.

1.3 SEISMIC REHABILITATION PROCESS

Seismic rehabilitation of an existing building shall be
conducted in accordance with the process outlined in
Sections 1.3.1 through 1.3.6.

C1.3 SEISMIC REHABILITATION PROCESS

The steps are presented in this section in the order in
which they would typically be followed in the rehabili-
tation process. However, the criteria for performing
these steps are presented in a somewhat different order
to facilitate presentation of the concepts.

Figure C1-1 depicts the rehabilitation process
specified in this standard and shows specific chap-
ter references in parentheses at points where input
from this standard is to be obtained. Although
Fig. C1-1 is written for voluntary rehabilitations,
it can also be used as a guide for mandatory
rehabilitations.

This standard requires the selection of a Rehabili-
tation Objective for a building that has been previously
identified as needing seismic rehabilitation.

Prior to embarking on a rehabilitation program, an
evaluation should be performed to determine whether
the building, in its existing condition, has the desired
seismic performance capability. ASCE 31 contains an
evaluation methodology that may be used for this pur-
pose. It should be noted, however, that a building may
meet certain performance objectives using the method-
ology of ASCE 31, but may not meet those same per-
formance objectives when an evaluation is performed
using the procedures of this standard. This is largely
because ASCE 31 is specifically intended to accept
somewhat greater levels of damage within each per-
formance level than permitted by this standard, which
is consistent with the historic practice of evaluating
existing buildings for slightly lower criteria than those
used for design of new buildings. ASCE 31 quantifies
this difference with the use of a 0.75 factor on
demands when using this standard in a Tier 3 evalua-
tion. This essentially lowers the reliability of achieving



the selected performance level from about 90% to
about 60%. This practice minimizes the need to reha-
bilitate structures with relatively modest deficiencies
relative to the desired performance level.

Prior Seismic Evaluation

Interest in reducing seismic risk

ASCE/SEI 41-06

1.3.1 Initial Considerations

The design professional shall review initial con-
siderations with the authority having jurisdiction to
determine any restrictions that exist on the design of

1 Review Initial Considerations (Section 1.3.1)
e Structural characteristics (Chapter 2)
« Site seismic hazards (Chapters 1 and 4)
¢ Results from prior seismic evaluations (Section 1.2)
e Occupancy (not considered in this standard)
o Historic status (Appendix A)
¢ Economic considerations (Section C1.3.6.2)
e Societal issues: (Appendix A)
Local jurisdictional requirements (not included in this standard)

Select Rehabilitation Objective (Section 1.3.2)
* Target Building Performance level (Section 1.5)
e Seismic Hazard (Section 1.6)

Obtain As-Built Information (Chapter 2) (Section 1.3.3)

Select Rehabilitation Method (Section 1.3.4)

4A  Simplified Rehabilitation (Chapters 2, 10

and 11)

o |dentify building model type

* Consider deficiencies

e Select full or partial rehabilitation
(Note: Simplified Rehabilitation shall be used
for Limited Objectives only.)

4B Systematic Rehabilitation (Chapters 2 through 9 and 11)
* Consider deficiencies
* Select rehabilitation strategy (Chapter 2)
« Select analysis procedure (Chapters 2 and 3)
* Consider general requirements (Chapter 2)

4C  Other Choices
(not in this standard)
* Reduce occupancy
e Demolish

5A  Perform Rehabilitation Design (Section 5B
1.3.5)

* Determine and design rehabilitation
measures to meet applicable
ASCE 31 requirements

Perform Rehabilitation Design (Section 1.3.5)

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, 4 through 9, and 11)

B6A  Verify Rehabilitation Design (Section 1.3.6) 6B

¢ Reevaluate building to assure that
rehabilitation measures remove all
deficiencies without creating new ones

Review for economic acceptability

.

Verify Rehabilitation Design (Section 1.3.6)

Apply component acceptance criteria (Chapters 2 through 9 and 11)
Review for conformance with requirements of Chapter 2
Review for economic acceptability

6.1A Redesign Unacceptable
Rehabilitation
(Section 1.3.6.1)

* Return to 4A to reconsider
Rehabilitation Objective or
to 5A to revise corrective

measures

6.2A Prepare Construction

Documents of Acceptable

Rehabilitation

(Section 1.3.6.2)

e Develop construction
documents

e Begin rehabilitation

« Exercise quality control

FIGURE C1-1.

Redesign Unacceptable

Rehabilitation

(Section 1.3.6.1)

¢ Return to 4B to revise
analysis and design or to
2 to reconsider
Rehabilitation Objective

6.2B Prepare Construction
Documents of Acceptable
Rehabilitation (Section 1.3.6.2)
e Develop construction

documents

Begin rehabilitation

Exercise quality control

Rehabilitation Process.
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rehabilitation measures. Initial considerations shall
include structural characteristics of the building, seis-
mic hazards including geologic site hazards known to
be present at the site, results of prior seismic evalua-
tions, building use and occupancy requirements, his-
toric status, economic considerations, societal issues,
and local jurisdictional requirements.

C1.3.1 Initial Considerations

The process of building rehabilitation will be sim-
plified and made more efficient if information that sig-
nificantly affects the rehabilitation design is obtained
and considered prior to beginning the process.
Rehabilitation requirements mandated by local juris-
dictions would be particularly important to determine
in the initial stages of a project.

The building owner should be aware of the range
of costs and impacts of rehabilitation, including both
the variation associated with different Rehabilitation
Objectives and the potential additional costs often
associated with seismic rehabilitation, such as other
life safety upgrades, hazardous material removal, work
associated with the Americans with Disabilities Act,
and nonseismic building remodeling. Also to be con-
sidered are potential federal tax incentives for the
rehabilitation of historic buildings and for some other
older nonresidential buildings.

Seismic hazards other than ground shaking may
exist at the building site. The risk and possible extent
of damage from geologic site hazards identified in
Section 4.2.2 should be considered before undertaking
a rehabilitation aimed solely at reducing damage due
to shaking. In some cases it may be feasible to miti-
gate the site hazard or rehabilitate the building and
still meet the selected performance level. In other
cases, the risk due to site hazards may be so extreme
and difficult to control that rehabilitation is neither
cost-effective nor feasible.

The use of the building must be considered in
weighing the significance of potential temporary or
permanent disruptions associated with various risk-
mitigation schemes. Other limitations on modifications
to the building due to historic or aesthetic features
must also be understood. The historic status of every
building at least 50 years old should be determined
(see Appendix A, Section A.6, Considerations for
Historic Buildings). This determination should be
made early as it could influence the choices of rehabil-
itation approaches and techniques.

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 vul-
nerable buildings can be reduced, redundant facilities

can be provided, and nonhistoric buildings can be
demolished and replaced. The risks posed by non-
structural components and contents can be reduced.
Seismic site hazards other than shaking can be
mitigated.

Most often, however, when all alternatives are
considered, the options of modifying the building to
reduce the risk of damage should be studied. Such cor-
rective measures include stiffening or strengthening
the structure, adding local components to eliminate
irregularities or tie the structure together, reducing the
demand on the structure through the use of seismic
isolation or energy dissipation devices, and reducing
the height or mass of the structure. Rehabilitation
strategies are discussed in Chapter 2.

1.3.2 Selection of Rehabilitation Objective

A seismic Rehabilitation Objective shall
be selected for the building in accordance with
Section 1.4.

C1.3.2 Selection of Rehabilitation Objective

The concepts and terminology of performance-
based design are new and should be carefully studied
and discussed with building owners before use. The
terminology used for target Building Performance
Levels is intended to represent goals of design. The
actual ground motion will seldom be comparable to
that specified in the Rehabilitation Objective, so in
most events, designs targeted at various damage states
may only determine relative performance. Even given
a ground motion similar to that specified in the
Rehabilitation Objective and used in design, variations
from stated performance objectives should be expected
and compliance with this standard should not be con-
sidered a guarantee of performance. Variations in
actual performance could be associated with unknown
geometry and member sizes in existing buildings,
deterioration of materials, incomplete site data, varia-
tion of ground motion that can occur within a small
area, and incomplete knowledge and simplifications
related to modeling and analysis. Information on the
expected reliability of achieving various target
Building Performance Levels when the requirements
are followed can be found in Chapter 2 of FEMA 274
(FEMA 1997).

The determination of the Rehabilitation Objective
differs depending on whether the rehabilitation is
mandated or voluntary. For a voluntary building reha-
bilitation, the building owner shall select a seismic
rehabilitation for the building as specified in Sec-
tion 1.4. In a mandated rehabilitation project, the
rehabilitation objective is either stipulated directly by



local code or ordinance or the code official is provided
with guidelines for negotiating the rehabilitation
objective.

1.3.3 As-Built Information

Available as-built information for the building
shall be obtained and a site visit shall be conducted as
specified in Section 2.2.

1.3.4 Rehabilitation Method
An applicable rehabilitation method shall be
determined in accordance with Section 2.3.

C1.3.4 Rehabilitation Method

Rehabilitation can consist of the Simplified
Rehabilitation Method or the Systematic
Rehabilitation Method. These methods are defined in
Section 2.3 and further explained in the associated
commentary of that section.

1.3.5 Rehabilitation Measures
Rehabilitation measures shall be designed using
the applicable rehabilitation method.

1.3.6 Verification of Rehabilitation Design

The design of rehabilitation measures shall be
verified to meet the requirements of this standard
through an analysis of the building, including the
rehabilitation measures. The analysis shall be con-
sistent with the procedures for the applicable rehabili-
tation method specified in Section 2.3. A separate
analytical evaluation shall be performed for each
combination of building performance and seismic
hazard specified in the selected Rehabilitation
Objective.

C1.3.6 Verification of Rehabilitation Design

At this stage, a cost estimate can be made using
a conceptual or schematic design to verify economic
acceptability.

1.3.6.1 Unacceptable Rehabilitation

If the design of rehabilitation measures fails to
comply with the acceptance criteria for the selected
Rehabilitation Objective, the rehabilitation measures
shall be redesigned or an alternative rehabilitation
strategy with a different Rehabilitation Objective shall
be implemented. This process shall be repeated until
the design is in compliance with the acceptance crite-
ria for the selected Rehabilitation Objective.
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1.3.6.2 Construction Documents

If the design of rehabilitation measures meets the
acceptance criteria for the selected Rehabilitation
Objective, and the decision is made to proceed with
the rehabilitation, construction documents shall be pre-
pared and shall include requirements for construction
quality assurance in accordance with Section 2.7.

C1.3.6.2 Construction Documents

At this stage, a cost estimate can be made to review
the economic acceptability of the design. Cost estimating
or reviewing economic acceptability of the rehabilitation
design is not included in this standard, but is an essential
part of the rehabilitation process shown in Fig. C1-1.

Construction costs are discussed in FEMA 276,
Example Applications (FEMA 1999), and FEMA 156
and 157, Typical Costs for Seismic Rehabilitation of
Buildings (FEMA 1995).

If the design proves uneconomical or otherwise
not feasible, further refinement may be considered in
analysis, a different rehabilitation scheme may be
designed or a different Rehabilitation Objective may
be considered.

A successful rehabilitation project requires a good
set of construction documents with a quality assurance
program to ensure that the design is implemented prop-
erly. Section 2.7 specifies provisions for a quality assur-
ance program during the construction or implementation
of the rehabilitation design. Other aspects of the imple-
mentation process, including details of the preparation
of construction documents, obtaining a building permit,
selection of a contractor, details of historic preservation
techniques for particular kinds of materials, and financ-
ing are not covered in this standard.

1.4 REHABILITATION OBJECTIVES

A seismic Rehabilitation Objective shall consist of one
or more rehabilitation goals. Each goal shall consist
of a target Building Performance Level defined in
Section 1.5 and an Earthquake Hazard Level defined
in Section 1.6. Goals shall be selected considering
basic, enhanced, or limited objectives as defined in
Sections 1.4.1 through 1.4.3.

C1.4 REHABILITATION OBJECTIVES

Recommendations regarding the selection of a

Rehabilitation Objective for any building are beyond
the scope of this standard. FEMA 274 (FEMA 1997)
discusses issues to consider when combining various
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performance and seismic hazard levels. It should be
noted that not all combinations constitute reasonable
or cost-effective Rehabilitation Objectives. This stan-
dard is written under the premise that greater flexibil-
ity is required in seismic rehabilitation than in the
design of new buildings. However, given that flexibil-
ity, once a Rehabilitation Objective is selected, this
standard provides internally consistent procedures with
the necessary specificity to perform a rehabilitation
analysis and design.

Building performance can be described qualita-
tively in terms of the safety afforded building occupants
during and after the event; the cost and feasibility of
restoring the building to its pre-earthquake condition;
the length of time the building is removed from service
to effect repairs; and economic, architectural, or historic
impacts on the larger community. These performance
characteristics are directly related to the extent of dam-
age that would be sustained by the building.

In this standard, the extent of damage to a building
is categorized as a Building Performance Level. A
broad range of target Building Performance Levels may
be selected when determining Rehabilitation Objectives.

Probabilistic Earthquake Hazard Levels frequently
used in this standard and their corresponding mean
return periods (the average number of years between
events of similar severity) are as follows:

Earthquake Having Mean Return

Probability of Exceedance Period (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.

The Rehabilitation Objective selected as a basis
for design will determine, to a great extent, the cost
and feasibility of any rehabilitation project, as well as
the benefit to be obtained in terms of improved safety,
reduction in property damage, and interruption of use
in the event of future earthquakes. Table C1-1 indi-
cates the range of Rehabilitation Objectives that may
be used in this standard.

1.4.1 Basic Safety Objective

The Basic Safety Objective (BSO) is a Rehabili-
tation Objective that achieves the dual rehabilitation
goals of Life Safety Building Performance Level (3-C)
for the BSE-1 Earthquake Hazard Level and Collapse
Prevention Building Performance Level (5-E) for the
BSE-2 Earthquake Hazard Level.

Table C1-1. Rehabilitation Objectives

Target Building
Performance Levels
< 5—1 g s
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'Each cell in the above matrix represents a discrete Rehabilitation
Objective.
*The Rehabilitation Objectives in the matrix above may be used to
represent the three specific Rehabilitation Objectives defined in
Sections 1.4.1, 1.4.2, and 1.4.3, as follows:
Basic Safety Objective (BSO) k and p
Enhanced Objectives k and m, n, or o
pandiorj
kand pand a, b, e, or f
m, n, or o alone
Limited Objectives k alone
p alone
¢, d, g, h, orlalone

C1.4.1 Basic Safety Objective (BSO)

The BSO is intended to approximate the earth-
quake risk to life safety traditionally considered
acceptable in the United States. Buildings meeting
the BSO are expected to experience little damage
from relatively frequent, moderate earthquakes, but
significantly more damage and potential economic
loss from the most severe and infrequent earthquakes
that could affect them. The level of damage and
potential economic loss experienced by buildings
rehabilitated to the BSO may be greater than that
expected in properly designed and constructed new
buildings.

1.4.2 Enhanced Rehabilitation Objectives
Rehabilitation that provides building performance

exceeding that of the BSO is termed an Enhanced

Objective. Enhanced Rehabilitation Objectives shall



be achieved using one or both of the following two
methods:

1. By designing for target Building Performance
Levels that exceed those of the BSO at the BSE-1
hazard level, the BSE-2 hazard level, or both.

2. By designing for the target Building Performance
Levels of the BSO using an Earthquake Hazard
Level that exceeds either the BSE-1 or BSE-2 haz-
ard levels, or both.

C1.4.2 Enhanced Rehabilitation Objectives

Enhanced Rehabilitation Objectives can be
obtained by designing for higher target Building
Performance Levels (method 1) or by designing using
higher Earthquake Hazard Levels (method 2), or a
combination of these methods.

1.4.3 Limited Rehabilitation Objectives

Rehabilitation that provides building performance
less than that of the BSO is termed a Limited
Objective. Limited Rehabilitation Objectives shall be
achieved using Reduced Rehabilitation specified in
Section 1.4.3.1 or Partial Rehabilitation specified in
Section 1.4.3.2, and shall comply with the following
conditions:

1. The rehabilitation measures shall not result in a
reduction in the performance level of the existing
building;

2. The rehabilitation measures shall not create a new
structural irregularity or make an existing structural
irregularity more severe;

3. The rehabilitation measures shall not result in an
increase in the seismic forces to any component
that is deficient in capacity to resist such forces;
and

4. All new or rehabilitated structural components
shall be detailed and connected to the existing
structure in compliance with the requirements of
this standard.

C1.4.3 Limited Rehabilitation Objectives

Reduction in performance should not necessarily
be measured based strictly on a single component but,
rather, on the overall building performance. A partial
or limited rehabilitation could increase forces on some
noncritical components without a reduction in the
overall performance of the building.

1.4.3.1 Reduced Rehabilitation Objective
Rehabilitation that addresses the entire building
structural and nonstructural systems, but uses a lower
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seismic hazard or lower target Building Performance
Level than the BSO, is termed Reduced Rehabilita-
tion Objective. Reduced Rehabilitation shall be
designed for one or more of the following objectives:

1. Life Safety Building Performance Level (3-C) for
earthquake demands that are equal to the BSE-1, or
Collapse Prevention Building Performance Level
(5-E) for earthquake demands that are equal to the
BSE-2, but not both;

2. Life Safety Building Performance Level (3-C) for
earthquake demands that are less severe (more
probable) than the BSE-1;

3. Collapse Prevention Building Performance Level
(5-E) for earthquake demands that are less severe
(more probable) than the BSE-2; or

4. Building Performance Levels 4-C, 4-D, 4-E, 5-C,
5-D, 5-E, 6-C, or 6-D for BSE-1 or less severe
(more probable) earthquake demands.

C1.4.3.1 Reduced Rehabilitation Objective

Rehabilitation for the Life Safety Building
Performance Level at the BSE-1 is a commonly used
reduced rehabilitation objective.

1.4.3.2 Partial Rehabilitation Objective
Rehabilitation that addresses a portion of the

building without rehabilitating the complete lateral-

force-resisting system is termed Partial Rehabilitation.

C1.4.3.2 Partial Rehabilitation Objective

A Partial Rehabilitation should be designed and
constructed considering future completion of a
Rehabilitation Objective intended to improve the per-
formance of the entire structure.

1.5 TARGET BUILDING PERFORMANCE
LEVELS

A target Building Performance Level shall consist
of a combination of a Structural Performance Level
selected from the levels specified in Section 1.5.1 and
a Nonstructural Performance Level selected from the
levels specified in Section 1.5.2. The target Building
Performance Level shall be designated alphanumeri-
cally in accordance with Section 1.5.3.

C1.5 TARGET BUILDING PERFORMANCE
LEVELS

Building performance is a combination of the
performance of both structural and nonstructural
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components. Table C1-2 describes the approximate
limiting levels of structural and nonstructural damage
that may be expected of buildings rehabilitated to the
levels defined in this standard. On average, the
expected damage would be less. For comparative pur-
poses, the estimated performance of a new building
subjected to the BSE-1 level of shaking is indicated.
Performance descriptions in Table C1-2 are estimates
rather than precise predictions, and variation among
buildings of the same target Building Performance
Level must be expected.

Building performance in this standard is
expressed in terms of target Building Performance
Levels. These target Building Performance Levels are
discrete damage states selected from among the infi-
nite spectrum of possible damage states that buildings
could experience during an earthquake. The particular

damage states identified as target Building
Performance Levels in this standard have been
selected because they have readily identifiable conse-
quences associated with the postearthquake disposi-
tion of the building that are meaningful to the
building community. These include the ability to
resume normal functions within the building, the
advisability of postearthquake occupancy, and the
risk to life safety.

Due to inherent uncertainties in prediction of
ground motion and analytical prediction of building
performance, some variation in actual performance
should be expected. Compliance with this standard
should not be considered a guarantee of performance.
Information on the reliability of achieving various
performance levels can be found in Chapter 2 of
FEMA 274 (FEMA 1997).

Table C1-2. Damage Control and Building Performance Levels

Target Building Performance Levels

Collapse Immediate
Prevention Life Safety Occupancy Operational
Level (5-E) Level (3-C) Level (1-B) Level (1-A)
Overall Damage Severe Moderate Light Very Light

General

Nonstructural
components

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

Little residual stiffness
and strength, but load-
bearing columns and
walls function. Large
permanent drifts. Some
exits blocked. Infills
and unbraced parapets
failed or at incipient
failure. Building is
near collapse.

Extensive damage.

Significantly more
damage and greater
risk.

Some residual strength
and stiffness left in all
stories. Gravity-
load-bearing elements
function. No out-of-
plane failure of walls
or tipping of parapets.
Some permanent drift.
Damage to partitions.
Building may be
beyond economical
repair.

Falling hazards miti-
gated but many archi-
tectural, mechanical,
and electrical systems
are damaged.

Somewhat more dam-
age and slightly higher
risk.

No permanent drift.
Structure substantially
retains original
strength and stiffness.
Minor cracking of
facades, partitions, and
ceilings as well as
structural elements.
Elevators can be
restarted. Fire protec-
tion operable.

Equipment and con-
tents are generally
secure, but may not
operate due to mechan-
ical failure or lack of
utilities.

Less damage and lower
risk.

No permanent drift.
Structure substantially
retains original
strength and stiffness.
Minor cracking of
facades, partitions, and
ceilings as well as
structural elements. All
systems important to
normal operation are
functional.

Negligible damage
occurs. Power and
other utilities are avail-
able, possibly from
standby sources.

Much less damage and
lower risk.




1.5.1 Structural Performance Levels and Ranges

The Structural Performance Level of a building
shall be selected from four discrete Structural
Performance Levels and two intermediate Structural
Performance Ranges defined in this section.

The discrete Structural Performance Levels are
Immediate Occupancy (S-1), Life Safety (S-3),
Collapse Prevention (S-5), and Not Considered (S-6).
Design procedures and acceptance criteria correspon-
ding to these Structural Performance Levels shall be as
specified in Chapters 4 through 9 or Chapter 10.

The intermediate Structural Performance Ranges
are the Damage Control Range (S-2) and the
Limited Safety Range (S-4). Acceptance criteria for
performance within the Damage Control Structural
Performance Range shall be obtained by interpolating
between the acceptance criteria provided for the
Immediate Occupancy and Life Safety Structural
Performance Levels. Acceptance criteria for perfor-
mance within the Limited Safety Structural Performance
Range shall be obtained by interpolating between the
acceptance criteria provided for the Life Safety and
Collapse Prevention Structural Performance Levels.

C1.5.1 Structural Performance Levels and Ranges

A wide range of structural performance require-
ments could be desired by individual building owners.
The four Structural Performance Levels defined in this
standard have been selected to correlate with the most
commonly specified structural performance require-
ments. The two Structural Performance Ranges permit
users with other requirements to customize their build-
ing Rehabilitation Objectives.

Table C1-3 relates these Structural Performance
Levels to the limiting damage states for common
vertical elements of lateral-force-resisting systems.
Table C1-4 relates these Structural Performance Levels
to the limiting damage states for common horizontal
elements of building lateral-force-resisting systems.
Later sections of this standard specify design parame-
ters (such as m-factors, component capacities, and
inelastic deformation capacities) specified as limiting
values for attaining these Structural Performance
Levels for a known earthquake demand.

The drift values given in Table C1-3 are typical
values provided to illustrate the overall structural
response associated with various Structural Perfor-
mance Levels. They are not provided in these tables as
drift limit requirements for this standard, and do not
supersede component or element deformation limits
that are specified in Chapters 4 through 9, and 11.
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The expected postearthquake state of the buildings
described in these tables is for comparative purposes
and should not be used in the postearthquake safety
evaluation process.

1.5.1.1 Immediate Occupancy Structural
Performance Level (S-1)

Structural Performance Level S-1, Immediate
Occupancy, shall be defined as the postearthquake
damage state in which a structure remains safe to
occupy, essentially retains its pre-earthquake design
strength and stiffness, and is in compliance with the
acceptance criteria specified in this standard for this
Structural Performance Level.

C1.5.1.1 Immediate Occupancy Structural
Performance Level (S-1)

Structural Performance Level S-1, Immediate
Occupancy, means the postearthquake damage state in
which only very limited structural damage has
occurred. The basic vertical- and lateral-force-resisting
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.

1.5.1.2 Damage Control Structural Performance
Range (S-2)

Structural Performance Range S-2, Damage
Control, shall be defined as the continuous range of
damage states between the Life Safety Structural
Performance Level (S-3) and the Immediate
Occupancy Structural Performance Level (S-1).

C1.5.1.2 Damage Control Structural Performance
Range (S-2)

Design for the Damage Control Structural
Performance Range may be desirable to minimize
repair time and operation interruption, as a partial
means of protecting valuable equipment and con-
tents or to preserve important historic features when
the cost of design for immediate occupancy is
excessive.

1.5.1.3 Life Safety Structural Performance Level (S-3)
Structural Performance Level S-3, Life Safety,
shall be defined as the postearthquake damage state in
which a structure has damaged components but retains
a margin against onset of partial or total collapse, and
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Table C1-3. Structural Performance Levels and Damage!3— Vertical Elements

Structural Performance Levels

Collapse Prevention

Life Safety

Immediate

Elements Type (S-5) (S-3) Occupancy (S-1)

Concrete Frames Primary Extensive cracking and hinge Extensive damage to beams. Minor hairline cracking. Limited
formation in ductile elements. Spalling of cover and shear yielding possible at a few loca-
Limited cracking and/or splice cracking (< 1/8-in. width) for tions. No crushing (strains
failure in some nonductile ductile columns. Minor spalling  below 0.003).
columns. Severe damage in in nonductile columns. Joint
short columns. cracks < 1/8 in. wide.

Secondary Extensive spalling in columns Extensive cracking and hinge Minor spalling in a few places in
(limited shortening) and beams.  formation in ductile elements. ductile columns and beams.
Severe joint damage. Some rein-  Limited cracking and/or splice Flexural cracking in beams and
forcing buckled. failure in some nonductile columns. Shear cracking in
columns. Severe damage in joints < 1/16-in. width.
short columns.
Drift 49 transient 2% transient; 1% transient;
or permanent. 1% permanent. negligible permanent.

Steel Moment Frames  Primary Extensive distortion of beams Hinges form. Local buckling Minor local yielding at a few
and column panels. Many frac- of some beam elements. Severe  places. No fractures. Minor
tures at moment connections, joint distortion; isolated moment  buckling or observable perma-
but shear connections remain connection fractures, but shear nent distortion of members.
intact. connections remain intact. A

few elements may experience
partial fracture.

Secondary Same as primary. Extensive distortion of beams Same as primary.
and column panels. Many frac-
tures at moment connections,
but shear connections remain
intact.

Drift 5% transient 2.5% transient; 0.7% transient;

or permanent. 1% permanent. negligible permanent.

Braced Steel Frames ~ Primary Extensive yielding and buckling ~ Many braces yield or buckle but ~ Minor yielding or buckling of
of braces. Many braces and their  do not totally fail. Many con- braces.
connections may fail. nections 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 cracks ~ Some boundary element stress, Minor hairline cracking of
and voids. Sliding at joints. including limited buckling of walls, < 1/16 in. wide.
Extensive crushing and buck- reinforcement. Some sliding at Coupling beams experience
ling of reinforcement. Failure joints. Damage around open- cracking < 1/8-in. width.
around openings. Severe bound-  ings. Some crushing and flex-
ary element damage. Coupling ural cracking. Coupling beams:
beams shattered and virtually extensive shear and flexural
disintegrated. cracks; some crushing, but

concrete generally remains in
place.

Secondary Panels shattered and virtu- Major flexural and shear Minor hairline cracking of

ally disintegrated. cracks. Sliding at joints. walls. Some evidence of

Extensive crushing. Failure sliding at construction joints.
around openings. Severe Coupling beams experience
boundary element damage. cracks < 1/8-in. width.
Coupling beams shattered Minor spalling.
and virtually disintegrated.

Drift 2% transient 1% transient; 0.5% transient;

or permanent.

0.5% permanent.

negligible permanent.



Structural Performance Levels

Collapse Prevention

Life Safety

Immediate

Elements Type (S-5) (S-3) Occupancy (S-1)
Unreinforced Primary Extensw'e cracking and crush- Exten'swe cracking andA some Minor (< 1/8-in. width) crack-
Masonry Infill Walls ing; portions of face course crushing but wall remains in . .

i i ing of masonry infills and
shed. place. No falling units. Exten- . .o
. X . veneers. Minor spalling in
sive crushing and spalling of
. veneers at a few corner
veneers at corners of openings. .
openings.
Secondary Extensive crushing and shatter- Same as primary. Same as primary.
ing; some walls dislodge.
Drift 0.6% transient 0.5% transient; 0.1% transient;
or permanent. 0.3% permanent. negligible permanent.
Unreinforced ' Primary Extensive cracking; face course Extenswe cracking. Noticeable Minor (< 1/8-in. width) crack-
Masonry (Noninfill) and veneer may peel off. in-plane offsets of masonry and . . L
. . . ing of veneers. Minor spalling in
Walls Noticeable in-plane and out-of-  minor out-of-plane offsets. . £
lane offsets veneers at a few corner open-
P T ings. No observable out-of-plane
offsets.
Secondary Nonbearing panels dislodge. Same as primary. Same as primary.
Drift 1% transient 0.6% transient; 0.3% transient;
or permanent. 0.6% permanent. 0.3% permanent.
i(VellI;forced Masonry Primary grushlng; extegswe cFacklng& " Extensive cracking (< 1/4 in.) Minor (< 1/8-in. width) crack-
als amage aroun opemngs meat distributed throughout wall. ing. No out-of-plane offsets.
corners. Some fallen units. . .
Some isolated crushing.
Secondary Panels shattered and virtually Crushing; extensive cracking; Same as primary.
disintegrated. damage around openings and at
corners; some fallen units.
Drift 1.5% transient 0.6% transient; 0.2% transient;
or permanent. 0.6% permanent. 0.2% permanent.
Wood Stud Walls Primary Connections loose. Nails par- Moderate loosening of connec- Distributed minor hairline crack-
tially withdrawn. Some splitting ~ tions and minor splitting of ing of gypsum and plaster
of members and panels. Veneers  members. veneers.
dislodged.
Secondary Sheathing sheared off. Let-in Connections loose. Nails par- Same as primary.
braces fractured and buckled. tially withdrawn. Some splitting
Framing split and fractured. of members and panels.
Drift 3% transient 2% transient; 1% transient;
or permanent. 1% permanent. 0.25% permanent.
Precast Concrete Primary Some connection failures but no  Local crushing and spalling at Minor working at connections;
Connections elements dislodged. connections, but no gross failure  cracks < 1/16-in. width at
of connections. connections.
Secondary Same as primary. Some connection failures but no  Minor crushing and spalling at
elements dislodged. connections.
Foundations General Major settlement and tilting. Total settlements < 6 in. and dif- Minor settlement and negligible

ferential settlements < 1/2 in.
in 30 ft.

tilting.

"Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be sustained by various structural elements where
present in structures meeting the definitions of the Structural Performance Levels. These damage states are not intended for use in postearthquake evaluation of damage
or for judging the safety of, or required level of repair to, a structure following an earthquake.
2Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are not intended to be used as acceptance criteria for evaluating the
acceptability of a rehabilitation design in accordance with the analysis procedures provided in this standard; rather, they are indicative of the range of drift that typical
structures containing the indicated structural elements may undergo when responding within the various Structural Performance Levels. Drift control of a rehabilitated
structure may often be governed by the requirements to protect nonstructural components. Acceptable levels of foundation settlement or movement are highly depend-
ent on the construction of the superstructure. The values indicated are intended to be qualitative descriptions of the approximate behavior of structures meeting the

indicated levels.

3For limiting damage to frame elements of infilled frames, refer to the rows for concrete or steel frames.
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Table C1-4. Structural Performance Levels and Damage!?— Horizontal Elements

Structural Performance Levels

Collapse Prevention

Life Safety

Immediate Occupancy

Element (S-5) (S-3) (S-1)

Metal Deck Large distortion with buckling Some localized failure of Connections between deck units

Diaphragms of some units and tearing welded connections of deck to and framing intact. Minor
of many welds and seam framing and between panels. distortions.
attachments. Minor local buckling of deck.

Wood Diaphragms Large permanent distortion with ~ Some splitting at connections. No observable loosening or
partial withdrawal of nails and Loosening of sheathing. withdrawal of fasteners. No
extensive splitting of elements. Observable withdrawal of fas- splitting of sheathing or

teners. Splitting of framing and framing.

sheathing.
Concrete Extensive crushing and observ- Extensive cracking (< 1/4-in. Distributed hairline cracking.
Diaphragms able offset across many cracks. width). Local crushing and Some minor cracks of larger

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

at joints.

Precast Diaphragms

spalling.

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

size (< 1/8-in. width).

Some minor cracking along
joints.

'Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be sustained by various structural
elements where present in structures meeting the definitions of the Structural Performance Levels. These damage states are not intended for use in
postearthquake evaluation of damage or for judging the safety of, or required level of repair to, a structure following an earthquake.

2Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are not intended to be used as acceptance crite-
ria for evaluating the acceptability of a rehabilitation design in accordance with the analysis procedures provided in this standard; rather, they are
indicative of the range of drift that typical structures containing the indicated structural elements may undergo when responding within the various
Structural Performance Levels. Drift control of a rehabilitated structure may often be governed by the requirements to protect nonstructural com-
ponents. Acceptable levels of foundation settlement or movement are highly dependent on the construction of the superstructure. The values indi-

cated are intended to be qualitative descriptions of the approximate behavior of structures meeting the indicated levels.

Concrete Diaphragms

is in compliance with the acceptance criteria specified
in this standard for this Structural Performance
Level.

C1.5.1.3 Life Safety Structural Performance
Level (S-3)

Structural Performance Level S-3, Life Safety,
means the postearthquake damage state in which sig-
nificant damage to the structure has occurred but some
margin against either partial or total structural collapse
remains. Some structural elements and components
are severely damaged but this has not resulted in large
falling debris hazards, either inside or outside the
building. Injuries may occur during the earthquake;
however, the overall risk of life-threatening injury as a
result of structural damage is expected to be low. It
should be possible to repair the structure; however,
for economic reasons this may not be practical.
Although the damaged structure is not an imminent
collapse risk, it would be prudent to implement

structural repairs or install temporary bracing prior

to reoccupancy.

1.5.1.4 Limited Safety Structural Performance

Range (S-4)

Structural Performance Range S-4, Limited
Safety, shall be defined as the continuous range of
damage states between the Life Safety Structural
Performance Level (S-3) and the Collapse Prevention
Structural Performance Level (S-5).

1.5.1.5 Collapse Prevention Structural Performance

Level (S-5)

Structural Performance Level S-5, Collapse
Prevention, shall be defined as the postearthquake
damage state in which a structure has damaged com-
ponents and continues to support gravity loads but
retains no margin against collapse, and is in compli-
ance with the acceptance criteria specified in this stan-
dard for this Structural Performance Level.



C1.5.1.5 Collapse Prevention Structural Performance
Level (S-5)

Structural Performance Level S-5, Collapse
Prevention, means the postearthquake damage state in
which the building is on the verge of partial or total
collapse. Substantial damage to the structure has
occurred, potentially including significant degrada-
tion in the stiffness and strength of the lateral-force-
resisting system, large permanent lateral deformation
of the structure, and—to a more limited extent—degra-
dation in vertical-load-carrying capacity. However, all
significant components of the gravity-load-resisting
system must continue to carry their gravity loads.
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 reoc-
cupancy, as aftershock activity could induce collapse.

1.5.1.6 Structural Performance Not
Considered (S-6)

A building rehabilitation that does not address
the performance of the structure shall be classified
as Structural Performance Not Considered (S-6).

C1.5.1.6 Structural Performance Not
Considered (S-6)

Some owners may desire to address certain non-
structural vulnerabilities in a rehabilitation program—
for example, bracing parapets or anchoring hazardous
materials storage containers—without addressing the
performance of the structure itself. Such rehabilitation
programs are sometimes attractive because they can
permit a significant reduction in seismic risk at rela-
tively low cost.

1.5.2 Nonstructural Performance Levels

The Nonstructural Performance Level of a build-
ing shall be selected from five discrete Nonstructural
Performance Levels, consisting of Operational (N-A),
Immediate Occupancy (N-B), Life Safety (N-C),
Hazards Reduced (N-D), and Not Considered (N-E).
Design procedures and acceptance criteria for rehabili-
tation of nonstructural components shall be as speci-
fied in Chapter 10 or 11.

C1.5.2 Nonstructural Performance Levels
Nonstructural Performance Levels other than Not
Considered (N-E) are summarized in Tables C1-5
through C1-7. Nonstructural components addressed in
this standard include architectural components such as
partitions, exterior cladding, and ceilings; and mechan-
ical and electrical components, including HVAC sys-
tems, plumbing, fire suppression systems, and lighting.
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Occupant contents and furnishings (such as inventory
and computers) are included in these tables for some
levels but generally are not covered with specific
requirements.

1.5.2.1 Operational Nonstructural Performance
Level (N-A)

Nonstructural Performance Level N-A,
Operational, shall be defined as the postearthquake
damage state in which the nonstructural components
are able to support the pre-earthquake functions pres-
ent in the building.

C1.5.2.1 Operational Nonstructural Performance
Level (N-A)

At this level, most nonstructural systems required
for normal use of the building—including lighting,
plumbing, HVAC, and computer systems—are func-
tional, although minor cleanup and repair of some
items may be required. This Nonstructural Perfor-
mance Level requires considerations beyond those
that are normally within the sole province of the
structural engineer. In addition to assuring that non-
structural components are properly mounted and
braced within the structure, it is often necessary to
provide emergency standby utilities. It also 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 Nonstructural Performance Level are not
included in this standard. Although the state of the art
for commercial construction does not provide a com-
plete set of references to be used for the seismic
qualification and checking of nonstructural compo-
nents, the user is referred to the following documents
that may be useful in seismically qualifying mechani-
cal and electrical equipment for Operational
Performance.

1. AC-156. Acceptance Criteria for Seismic Qualifica-
tion Testing of Nonstructural Components (ICBO
2000).

2. DOE/EH-545. Seismic Evaluation Procedure for
Equipment in U.S. Department of Energy Facilities
(U.S. Department of Energy 1997).

3. 1IEEE 693. I[EEE Recommended Practice for
Seismic Design of Substations (IEEE 1997).

4. CERL Technical Report 97/58. The CERL
Equipment Fragility and Protection, Experimental
Definition of Equipment Vulnerability to Transient
Support Motions (CERL 1997).
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Table C1-5. Nonstructural Performance Levels and Damage! — Architectural Components

Component

Nonstructural Performance Levels

Hazards
Reduced?
(N-D)

Life Safety
(N-C)

Immediate
Occupancy
(N-B)

Operational
(N-A)

Cladding

Glazing

Partitions

Ceilings

Parapets and
Ornamentation

Canopies and
Marquees

Chimneys and
Stacks

Stairs and Fire
Escapes

Doors

Severe distortion in connec-
tions. Distributed cracking,
bending, crushing, and
spalling of cladding compo-
nents. Some fracturing of
cladding, but panels do not
fall in areas of public
assembly.

General shattered glass and
distorted frames in unoccu-
pied areas. Extensive
cracked glass; little broken
glass in occupied areas.

Distributed damage; some
severe cracking, crushing,
and racking in some areas.

Extensive damage. Dropped
suspended ceiling tiles.
Moderate cracking in hard
ceilings.

Extensive damage; some
falling in unoccupied areas.

Moderate damage.

Extensive damage. No col-
lapse.

Extensive racking. Loss of
use.

Distributed damage. Many
racked and jammed doors.

Severe distortion in connec-
tions. Distributed cracking,
bending, crushing, and
spalling of cladding compo-
nents. Some fracturing of
cladding, but panels do not
fall.

Extensive cracked glass; lit-
tle broken glass.

Distributed damage; some
severe cracking, crushing,
and racking in some areas.

Extensive damage. Dropped
suspended ceiling tiles.
Moderate cracking in hard
ceilings.

Extensive damage; some
falling in unoccupied areas.

Moderate damage.

Extensive damage. No col-
lapse.

Some racking and cracking
of slabs. Usable.

Distributed damage. Some
racked and jammed doors.

Connections yield; minor
cracks (< 1/16-in. width)
or bending in cladding.

Some cracked panes; none
broken.

Cracking to about

1/16-in. width at openings.
Minor crushing and crack-
ing at corners

Minor damage. Some sus-
pended ceiling tiles dis-
rupted. A few panels
dropped. Minor cracking in
hard ceilings.

Minor damage.
Minor damage.
Minor cracking.

Minor damage.

Minor damage. Doors
operable.

Connections yield; minor
cracks (< 1/16-in. width) or
bending in cladding.

Some cracked panes; none
broken.

Cracking to about

1/16-in. width at openings.
Minor crushing and cracking
at corners.

Generally negligible dam-
age. Isolated suspended
panel dislocations, or cracks
in hard ceilings.

Minor damage.

Minor damage.

Negligible damage.

Negligible damage.

Minor damage. Doors oper-
able.

'Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be sustained by various nonstructural components
meeting the Nonstructural Performance Levels defined in this standard. These damage states are not intended for use in postearthquake evaluation of damage or for
judging the safety or required level of repair following an earthquake.
*For the Hazards Reduced Performance Level, high-hazard nonstructural components evaluated or rehabilitated to the Life Safety criteria will have Hazards Reduced
performance identical to that expected for the Life Safety Performance Level.
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Table C1-6. Nonstructural Performance Levels and Damage! —Mechanical, Electrical, and
Plumbing Systems/Components

Nonstructural Performance Levels

Hazards Reduced? Life Safety Immediate Occupancy Operational
System/Component (N-D) (N-C) (N-B) (N-A)
Elevators Elevators out of service; Elevators out of service; Elevators operable; can be Elevators operate.
counterweights off rails. counterweights do not dis- started when power avail-
lodge. able.
HVAC Equipment Most units do not operate; Units shift on supports, Units are secure and most Units are secure and oper-

Manufacturing
Equipment

Ducts

Piping

Fire Sprinkler Systems

Fire Alarm Systems

Emergency Lighting

Electrical Distribution
Equipment

Light Fixtures

Plumbing

many slide or overturn;
some suspended units fall.

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

Ducts break loose of
equipment and louvers;
some supports fail; some
ducts fall.

Some lines rupture. Some
supports fail. Some piping
falls.

Some sprinkler heads dam-
aged by collapsing ceil-
ings. Leaks develop at
couplings. Some branch
lines fail.

Ceiling mounted sensors
damaged. May not func-
tion.

Some lights fall. Power
may not be available.

Units slide and/or overturn,
rupturing attached conduit.
Uninterruptable Power
Source systems fail. Diesel
generators do not start.

Many broken light
fixtures. Falling hazards
generally avoided in heav-
ier fixtures > 20 Ib) in
areas of public assembly.
Some fixtures broken;
lines broken; mains dis-
rupted at source.

rupturing attached ducting,
piping, and conduit, but do
not fall.

Units slide, but do not
overturn; utilities not avail-
able; some realignment
required to operate.

Ducts break loose from
equipment and louvers;
some supports fail; some
ducts fall.

Minor damage at joints,
with some leakage. Some
supports damaged, but sys-
tems remain suspended.

Some sprinkler heads dam-
aged by swaying ceilings.
Leaks develop at some
couplings.

Ceiling mounted sensors
damaged. May not func-
tion.

Some lights fall. Power
may be available from
emergency generator.

Units shift on supports and
may not operate.
Generators provided for
emergency power start;
utility service lost.

Many broken light fix-
tures. Falling hazards gen-
erally avoided in heavier
fixtures (> 20 1b).

Some fixtures broken,
lines broken; mains dis-
rupted at source.

operate if power and
other required utilities
are available.

Units secure, and most
operable if power and util-
ities available.

Minor damage at joints,
but ducts remain
serviceable.

Minor leaks develop at a
few joints.

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

System is functional.

System is functional.

Units are secure and gen-
erally operable.
Emergency generators
start, but may not be ade-
quate to service all power
requirements.

Minor damage. Some pen-
dant lights broken.

Fixtures and lines service-
able; however, utility serv-
ice may not be available.

ate. Emergency power and
other utilities provided, if
required.

Units secure and operable;
power and utilities avail-
able.

Negligible damage.

Negligible damage.

Negligible damage.

System is functional.

System is functional.

Units are functional.
Emergency power is pro-
vided, as needed.

Negligible damage.

System is functional. On-
site water supply provided,
if required.

'Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be sustained by various nonstructural components
meeting the Nonstructural Performance Levels defined in this standard. These damage states are not intended for use in postearthquake evaluation of damage or for
judging the safety or required level of repair following an earthquake.
2For the Hazards Reduced Performance Level, high-hazard nonstructural components evaluated or rehabilitated to the Life Safety criteria will have Hazards Reduced
performance identical to that expected for the Life Safety Performance Level.
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Table C1-7. Nonstructural Performance Levels and Damage! — Contents

Contents

Nonstructural Performance Levels

Hazards Reduced?
(N-D)

Life Safety
(N-O)

Immediate Occupancy
(N-B)

Operational
(N-A)

Computer Systems

Desktop Equipment

File Cabinets

Book Shelves

Hazardous
Materials

Art Objects

Units roll and overturn,
disconnect cables.
Raised access floors
collapse. Power not
available.

Some equipment slides
off desks.

Cabinets overturn and
spill contents.

Shelves overturn and
spill contents.

Minor damage; occa-
sional materials spilled;
gaseous materials
contained.

Objects damaged by
falling, water, dust.

Units shift and may dis-
connect cables, but do
not overturn. Power not
available.

Some equipment slides
off desks.

Cabinets overturn and
spill contents.

Books slide off shelves.

Minor damage; occa-
sional materials spilled;
gaseous materials
contained.

Objects damaged by
falling, water, dust.

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

Some equipment slides
off desks.

Drawers slide open, but
cabinets do not tip.

Books slide on shelves.

Negligible damage;
materials contained.

Some objects may be
damaged by falling.

Units undamaged and
operable; power
available.

Equipment secured to
desks and operable.

Drawers slide open, but
cabinets do not tip.

Books remain on
shelves.

Negligible damage;
materials contained.

Objects undamaged.

"Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be sustained by various nonstruc-
tural components meeting the Nonstructural Performance Levels defined in this standard. These damage states are not intended for use in

postearthquake evaluation of damage or for judging the safety or required level of repair following an earthquake.
?For the Hazards Reduced Performance Level, high-hazard nonstructural components evaluated or rehabilitated to the Life Safety criteria will have

Hazards Reduced performance identical to that expected for the Life Safety Performance Level.

Where equipment and systems are required to be
seismically qualified to achieve operational perfor-
mance, it is recommended that the seismic qualifica-
tion procedures, testing, evaluation, and documenta-
tion be peer reviewed. The peer review can follow the
procedures found in Sections 9.2.8 and 9.3.7 for
Design Reviews except that items to be reviewed are
nonstructural components and systems.

1.5.2.2 Immediate Occupancy Nonstructural
Performance Level (N-B)

Nonstructural Performance Level N-B, Immediate
Occupancy, shall be defined as the postearthquake
damage state in which nonstructural components are
damaged but building access and life safety systems—
including doors, stairways, elevators, emergency
[lighting, fire alarms, and fire suppression systems—
generally remain available and operable, provided
that power is available.

C1.5.2.2 Immediate Occupancy Nonstructural
Performance Level (N-B)

Minor window breakage and slight damage could
occur to some components. Presuming that the build-
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ing is structurally safe, 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 sys-
tems in the building are structurally secured and
should be able to function if necessary utility service
is available. However, some components may experi-
ence misalignments or internal damage and be nonop-
erable. Power, water, natural gas, communications
lines, and other utilities required for normal building
use may not be available. The risk of life-threatening
injury due to nonstructural damage is very low.

1.5.2.3 Life Safety Nonstructural Performance
Level (N-C)

Nonstructural Performance Level N-C, Life
Safety, shall be defined as the postearthquake damage
state in which nonstructural components are damaged
but the damage is not life-threatening.

C1.5.2.3 Life Safety Nonstructural Performance
Level (N-C)

Nonstructural Performance Level C, Life Safety,
is the postearthquake damage state in which poten-



tially significant and costly damage has occurred to
nonstructural components but they have not become
dislodged and fallen, threatening life safety either
inside or outside the building. Egress routes within the
building are not extensively blocked but may be
impaired by lightweight debris. HVAC, plumbing, and
fire suppression systems may have been damaged,
resulting in local flooding as well as loss of function.
Although injuries may occur during the earthquake
from the failure of nonstructural components, overall,
the risk of life-threatening injury is very low.
Restoration of the nonstructural components may take
extensive effort.

1.5.2.4 Hazards Reduced Nonstructural Performance
Level (N-D)

Nonstructural Performance Level N-D, Hazards
Reduced, shall be defined as the postearthquake dam-
age state in which nonstructural components are dam-
aged and could potentially create falling hazards, but
high-hazard nonstructural components identified in
Chapter 11, Table 11-1, are secured to prevent falling
into areas of public assembly. Preservation of egress,
protection of fire suppression systems, and similar
life-safety issues are not addressed in this
Nonstructural Performance Level.

C1.5.2.4 Hazards Reduced Nonstructural
Performance Level (N-D)

Nonstructural Performance Level D, Hazards
Reduced, represents a postearthquake damage state in
which extensive damage has occurred to nonstructural
components, but large or heavy items that pose a high
risk of falling hazard to a large number of people—
such as parapets, cladding panels, heavy plaster ceil-
ings, or storage racks—are prevented from falling. The
hazards associated with exterior components along
portions of the exterior of the building that are avail-
able for public occupancy have been reduced.
Although 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.

Nonstructural components that are small, light-
weight, or close to the ground may fall but should not
cause serious injury. Larger nonstructural components
in areas that are less likely to be populated may also
fall.

The intent of the Hazards Reduced Performance
Level is to address significant nonstructural hazards
without needing to rehabilitate all of the nonstructural
components in a building. When using this perform-
ance level, it will generally be appropriate to consider
Hazards Reduced Performance as equivalent to Life
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Safety Performance for the most-hazardous, highest-
risk subset of the nonstructural components in the
building.

1.5.2.5 Nonstructural Performance Not
Considered (N-E)

A building rehabilitation that does not address
nonstructural components shall be classified as
Nonstructural Performance Not Considered (N-E).

C1.5.2.5 Nonstructural Performance Not
Considered (N-E)

In some cases, the decision to rehabilitate the
structure may be made without addressing the vulnera-
bilities of nonstructural components. It may be desir-
able 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 struc-
tural rehabilitation from outside occupied building
areas. Extensive disruption of normal operation may
be required to perform nonstructural rehabilitation.
Also, since many of the most severe hazards to life
safety occur as a result of structural vulnerabilities,
some municipalities may wish to adopt rehabilitation
ordinances that require structural rehabilitation only.

1.5.3 Designation of Target Building Performance
Levels

A target Building Performance Level shall be des-
ignated alphanumerically with a numeral representing
the Structural Performance Level and a letter repre-
senting the Nonstructural Performance Level (such as
1-B or 3-C). If a Structural Performance Level other
than Immediate Occupancy (S-1), Life Safety (S-3),
Collapse Prevention (S-5), or Not Considered (S-6) is
selected, the numerical designation shall represent
the Structural Performance Range for Damage Con-
trol (S-2) or Limited Safety (S-4).

C1.5.3 Designation of Target Building Performance
Levels

Several common target Building Performance
Levels described in this Section are shown in Fig. C1-2.
Many combinations are possible as structural perfor-
mance can be selected at any level in the two Struc-
tural Performance Ranges. Table C1-8 indicates the
possible combinations of target Building Performance
Levels and provides names for those most likely to be
selected as the basis for design.

1.5.3.1 Operational Building Performance Level (1-A)
To attain the Operational Building Performance

Level (1-A), the structural components of the building

shall meet the requirements of Section 1.5.1.1 for the

19



SEISMIC REHABILITATION OF EXISTING BUILDINGS

Immediate Occupancy Structural Performance Level
(S-1) and the nonstructural components shall meet the
requirements of Section 1.5.2.1 for the Operational
Nonstructural Performance Level (N-A).

C1.5.3.1 Operational Building Performance Level (1-A)

Buildings meeting this target Building
Performance Level are expected to sustain minimal or
no damage to their structural and nonstructural compo-
nents. The building is suitable for its normal occu-
pancy and use, although possibly in a slightly
impaired mode, with power, water, and other required
utilities provided from emergency sources, and possi-
bly with some nonessential systems not functioning.
Buildings meeting this target Building Performance
Level pose an extremely low risk to life safety.

Under very low levels of earthquake ground
motion, most buildings should be able to meet or
exceed this target Building Performance Level.
Typically, however, it will not be economically practi-
cal to design for this target Building Performance
Level for severe ground shaking, except for buildings
that house essential services.

1.5.3.2 Immediate Occupancy Building Performance
Level (1-B)

To attain the Immediate Occupancy Building
Performance Level (1-B), the structural components of
the building shall meet the requirements of Sec-
tion 1.5.1.1 for the Immediate Occupancy Structural
Performance Level (S-1) and the nonstructural compo-
nents of the building shall meet the requirements of
Section 1.5.2.2 for the Immediate Occupancy
Nonstructural Performance Level (N-B).

higher performance

Expected Post-Earthquake
Damage State

Operational (1-A)

Backup utility services maintain

functions; very little damage.
(S-1 & N-A)

Immediate Occupancy (1-B)
The building remains safe to
occupy; any repairs are minor.
(S-1 & N-B|

Life Safety (3-C)

Structure remains stable and
has significant reserve
capacity; hazardous
nonstructural damage is
controlled. (S-3 & N-C)

Collapse Prevention (5-E)
The building remains standing,
but only barely; any other
damage or loss is acceptable.
(S-5 & N-E)

less loss

A

lower performance

more loss

FIGURE C1-2. Target Building Performance Levels
and Ranges.

C1.5.3.2 Immediate Occupancy Building
Performance Level (1-B)
Buildings meeting this target Building Performance
Level are expected to sustain minimal or no damage to
their structural elements and only minor damage to their
nonstructural components. While it would be safe to
reoccupy a building meeting this target Building
Performance Level immediately following a major

Table C1-8. Target Building Performance Levels and Ranges

Structural Performance Levels and Ranges

Damage Limited

Nonstructural Immediate Control Life Safety Collapse Not
Performance Occupancy Range Safety Range Prevention Considered
Levels (S-1) (S-2) (S-3) (S-4) (S-5) (S-6)
Operational (N-A) Operational 2-A Not Not Not Not

1-A recommended  recommended recommended recommended
Immediate Occupancy Immediate 3-B Not Not Not
(N-B) Occupancy 1-B  2-B recommended  recommended recommended
Life Safety (N-C) 1-C 2-C Life Safety 3-C  4-C 5-C 6-C
Hazards Reduced Not 2-D 3-D 4-D 5-D 6-D
(N-D) recommended
Not Considered Not Not Not 4-E Collapse Not
(N-E) recommended  recommended recommended Prevention 5-E  rehabilitation
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earthquake, nonstructural systems may not function,
either because of the lack of electrical power or internal
damage to equipment. Therefore, although immediate
reoccupancy of the building is possible, it may be nec-
essary to perform some cleanup and repair and await
the restoration of utility service before the building can
function in a normal mode. The risk to life safety at this
target Building Performance Level is very low.

Many building owners may wish to achieve this
level of performance when the building is subjected to
moderate earthquake ground motion. In addition, some
owners may desire such performance for very important
buildings under severe earthquake ground shaking. This
level provides most of the protection obtained under the
Operational Building Performance Level without the
cost of providing standby utilities and performing rigor-
ous seismic qualification of equipment performance.

1.5.3.3 Life Safety Building Performance Level (3-C)

To attain the Life Safety Building Performance
Level (3-C), the structural components of the building
shall meet the requirements of Section 1.5.1.3 for the
Life Safety Structural Performance Level (S-3) and the
nonstructural components shall meet the requirements
of Section 1.5.2.3 for the Life Safety Nonstructural
Performance Level (N-C).

C1.5.3.3 Life Safety Building Performance Level (3-C)

Buildings meeting this level may experience exten-
sive damage to structural and nonstructural components.
Repairs may be required before reoccupancy of the
building occurs, and repair may be deemed economi-
cally impractical. The risk to life safety in buildings
meeting this target Building Performance Level is low.

This target Building Performance Level entails
somewhat more damage than anticipated for new
buildings that have been properly designed and con-
structed for seismic resistance when subjected to their
design earthquakes. Many building owners will desire
to meet this target Building Performance Level for
severe ground shaking.

1.5.3.4 Collapse Prevention Building Performance
Level (5-E)

To attain the Collapse Prevention Building Perfor-
mance Level (5-E), the structural components of the
building shall meet the requirements of Section 1.5.1.5
for the Collapse Prevention Structural Performance Level
(S-5). Nonstructural components are not considered.

C1.5.3.4 Collapse Prevention Building Performance
Level (5-E)

Buildings meeting this target Building Performance
Level may pose a significant hazard to life safety result-
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ing from failure of nonstructural components. However,
because the building itself does not collapse, gross loss
of life may well be avoided. Many buildings meeting
this level will be complete economic losses.

Sometimes this level has been selected as the basis
for mandatory seismic rehabilitation ordinances enacted
by municipalities, as it results in mitigation of the most
severe life-safety hazards at relatively low cost.

1.6 SEISMIC HAZARD

Seismic hazard due to ground shaking shall be based
on the location of the building with respect to
causative faults, the regional and site-specific geologic
characteristics, and a selected Earthquake Hazard
Level. Assessment of seismic hazard due to earth-
quake-induced geologic site hazards shall be per-
formed in accordance with Chapter 4.

Seismic hazard due to ground shaking shall be
defined as acceleration response spectra or accelera-
tion time-histories on either a probabilistic or deter-
ministic basis. Acceleration response spectra shall be
developed in accordance with either the General
Procedure of Section 1.6.1 or the Site-Specific
Procedure of Section 1.6.2. Acceleration time histories
shall be developed in accordance with Section 1.6.2.2.
The level of seismicity of the site of the building shall
be determined as specified in Section 1.6.3.

Unless otherwise approved, the site-specific pro-
cedure shall be used where any of the following condi-
tions apply:

1. The building is located on Type E soils (as defined
in Section 1.6.1.4) and the mapped BSE-2 spectral
response acceleration at short periods (S) exceeds
2.0;

2. The building is located on Type F soils as defined
in Section 1.6.1.4.

EXCEPTION: Where S determined in accor-
dance with Section 1.6.1.1 is less than 0.20, use of a
Type E soil profile shall be permitted.

C1.6 SEISMIC HAZARD

The analysis and design procedures of this standard
are primarily aimed at improving performance of
buildings under loads and deformations imposed by
seismic shaking. However, other seismic hazards
could exist at the building site that could damage the
building regardless of its ability to resist ground shak-
ing. These hazards include fault rupture, liquefaction
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or other shaking-induced soil failures, landslides, and
inundation from off-site effects such as dam failure or
tsunami.

This standard requires hazards due to earthquake
shaking to be defined on either a probabilistic or a
deterministic basis. Probabilistic hazards are defined
in terms of the probability that more severe demands
will be experienced (probability of exceedance) in a
given period (often 50 years). Deterministic demands
are defined within a level of confidence in terms of a
specific magnitude event on a particular major active
fault.

This standard defines two basic Earthquake
Hazard Levels: Basic Safety Earthquake 1 (BSE-1)
and Basic Safety Earthquake 2 (BSE-2).

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

Site-specific procedures should be used where the
Maximum Considered Earthquake (MCE) maps do not
adequately characterize the local hazard. Such condi-
tions may exist at some near-fault locations.

1.6.1 General Procedure for Hazard Due to Ground
Shaking

The seismic hazard due to ground shaking shall
be defined for any Earthquake Hazard Level using
approved spectral response acceleration contour maps
of 5%-damped response spectrum ordinates for short-
period (0.2 sec) and long-period (1 sec) response.

The short-period spectral response acceleration
parameter, S, and the long-period response accelera-
tion parameter, S,, shall be determined as follows:

1. If the desired Earthquake Hazard Level corresponds
to one of the mapped Earthquake Hazard Levels,
obtain spectral response acceleration parameters
directly from the maps. Values between contour
lines shall be interpolated in accordance with the
procedure in Section 1.6.1.1;

2. If the desired Earthquake Hazard Level does not
correspond to the mapped levels of hazard, then
obtain the spectral response acceleration parameters
from the available maps and modify them to the
desired hazard level, either by logarithmic interpo-
lation or extrapolation, in accordance with Sec-
tion 1.6.1.3. It shall also be permitted to obtain the
spectral response acceleration parameters by direct
interpolation of the seismic hazard curves where
available;
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3. Obtain design spectral response acceleration
parameters by adjusting the mapped or modified
spectral response acceleration parameters for site
class effects, in accordance with Section 1.6.1.4;

4. If the desired Earthquake Hazard Level is the Basic
Safety Earthquake 2 (BSE-2), obtain spectral
response acceleration parameters in accordance
with Section 1.6.1.1;

5. If the desired Earthquake Hazard Level is the Basic
Safety Earthquake 1 (BSE-1), obtain the spectral
response acceleration parameters in accordance
with Section 1.6.1.2; and

6. Using the design spectral response acceleration
parameters that have been adjusted for site class
effects, develop the general response spectrum in
accordance with Section 1.6.1.5.

C1.6.1 General Procedure for Hazard Due to
Ground Shaking

This standard uses the latest national earthquake
hazard maps developed by the United States
Geological Survey (USGS) as part of a joint effort
with the Building Seismic Safety Council, known as
Project 97. National probabilistic maps were devel-
oped 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,
1,000, and 2,500 years. In addition, local ground
motions in regions with well-defined earthquake
sources, known as deterministic motions, were used to
develop MCE maps. Background information on the
development of the MCE maps through Project 97 can
be found in the 2003 NEHRP Provisions Commentary
(FEMA 2004).

The Rehabilitation Objective options featured in
this standard allow consideration of any ground
motion that may be of interest. However, for defining
BSE-1 and BSE-2 Earthquake Hazard Levels, and
for convenience in defining the ground motion for
other Earthquake Hazard Levels, the 10%/50-year
probabilistic maps and the MCE maps developed in
Project 97 are referenced in this standard. This collec-
tion of maps, referred to as the National Earthquake
Hazards Reduction Program (NEHRP) design map set
(Maps 1 through 32), is available from the FEMA
Distribution Center at 1-800-480-2520, online at
http://earthquake.usgs.gov/research/hazmaps/, or on a
CD-ROM from the USGS.


http://earthquake.usgs.gov/research/hazmaps/

The MCE ground motion maps were developed
by the USGS in conjunction with the Seismic Design
Procedure Group (SDPG) appointed by the Building
Seismic Safety Council (BSSC). The effort utilized the
latest seismological information to develop design
response acceleration parameters with the intent of
providing a uniform margin against collapse in all
areas of the United States. The MCE ground motion
maps are based on seismic hazard maps, which are
(1) 2%/50-year earthquake ground motion hazard
maps for regions of the United States that have differ-
ent ground motion attenuation relationships, and
(2) deterministic ground motion maps in regions of
high seismicity with the appropriate ground motion
attenuation relationships for each region. The deter-
ministic maps are used in regions of high seismicity
where frequent large earthquakes are known to occur,
and the rare earthquake ground motions corresponding
to the 2%/50-year hazard are controlled by the large
uncertainties in the hazard studies, which results in
unusually high ground motions. These high ground
motions were judged by the Seismic Design Procedure
Group (SDGP) to be inappropriate for use in design.
The use of these different maps to develop the MCE
maps required SDGP to define guidelines for integrat-
ing the maps into the design ground motion maps.

The most rigorous guideline developed was for
integrating the probabilistic and the deterministic maps.
To integrate the probabilistic maps and the deterministic
map, a transition zone set at 150% of the level of the
1994 NEHRP Provisions was used and is extensively
discussed in the 2003 NEHRP Provisions Commentary.
The goal of this guideline was to not exceed the deter-
ministic ground motion in these areas of high seismicity
where earthquake faults and maximum magnitudes are
relatively well-defined. The remaining guidelines were
more subjective and were related to smoothing irregular
contours, joining contours in areas where closely spaced
contours of equal values occurred (particularly in areas
where faults are known to exist, but the hazard parame-
ters are not well-defined), increasing the response accel-
eration parameters in small areas surrounded by higher
parameters, and so forth.

Based on the process used to develop the MCE
maps, there are some locations where the mapped
acceleration response parameters in the MCE maps
exceed the mapped acceleration response parameters
in the 2%/50-year probabilistic maps. These locations
occur primarily in the New Madrid, Missouri area; the
Salt Lake City, Utah area; coastal California; and the
Seattle, Washington area. This is an intended result of
the process and the mapped values represent the
appropriate values as determined by SDGP.
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This standard requires earthquake shaking
demands to be expressed in terms of ground motion
response spectra or suites of ground motion time histo-
ries, depending on the analysis procedure selected.
Although the maps provide a ready source for this
type of information, this standard may be used with
approved seismic hazard data from any source, as long
as it is expressed as a response spectrum.

1.6.1.1 BSE-2 Spectral Response Acceleration
Parameters

The design short-period spectral response acceler-
ation parameter, Sy, and design spectral response
acceleration parameter at a 1-sec period, Sy,, for the
BSE-2 Earthquake Hazard Level shall be determined
using values of Sg and S, taken from approved
Maximum Considered Earthquake (MCE) spectral
response acceleration contour maps and modified for
site class in accordance with Section 1.6.1.4.

Parameters Sg and S, shall be obtained by interpo-
lating between the values shown on the map for the
spectral response acceleration contour lines on either
side of the site, or by using the value shown on the
map for the higher contour adjacent to the site.

C1.6.1.1 BSE-2 Spectral Response Acceleration
Parameters

The latest MCE contour maps are contained in
Maps 1 through 24 of the NEHRP design map set.

The BSE-2 Earthquake Hazard Level is consistent
with MCE in FEMA 450 (FEMA 2004). In most areas
of the United States, the BSE-2 Earthquake Hazard
Level has a 2% probability of exceedance in 50 years
(2%/50-year). In regions close to known faults with
significant slip rates and characteristic earthquakes
with magnitudes in excess of about 6.0, the BSE-2
Earthquake Hazard Level is limited by a deterministic
estimate of ground motion based on 150% of the
median attenuation of the shaking likely to be experi-
enced as a result of such a characteristic event. Ground
shaking levels determined in this manner will typically
correspond to a probability of exceedance greater than
2% in 50 years.

1.6.1.2 BSE-1 Spectral Response Acceleration
Parameters

The design short-period spectral response acceler-
ation parameter, Syg, and design spectral response
acceleration parameter at a 1-sec period, Sy,, for the
BSE-1 Earthquake Hazard Level shall be taken as the
smaller of the following:

1. The values of Sy and S, taken from approved
10%/50-year spectral response acceleration
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contour maps and modified for site class in accor-
dance with Section 1.6.1.4. Values between contour
lines shall be interpolated in accordance with the
procedure in Section 1.6.1.1; or

2. Two-thirds of the values of the parameters for the
BSE-2 Earthquake Hazard Level, determined in
accordance with Section 1.6.1.1.

C1.6.1.2 BSE-1 Spectral Response Acceleration
Parameters

The latest 10%/50-year contour maps are con-
tained in Maps 25 through 30 of the NEHRP design
map set. In determining BSE-1 parameters, the modifi-
cation for site class shall be made prior to application
of the two-thirds factor on BSE-2 parameters.

This standard has not directly adopted the concept
of a design earthquake solely based on two-thirds of the
MCE level, as in FEMA 450 (FEMA 2004). This
design earthquake would have a different probability of
exceedance throughout the nation (depending on the
seismicity of the particular region), which would be
inconsistent with the intent of this standard to permit
design for specific levels of performance for hazards
that have specific probabilities of exceedance. The
BSE-1 Earthquake Hazard Level is similar, but not
identical, to the concept of the FEMA 450 design earth-
quake. It is defined as ground shaking having a 10%
probability of exceedance in 50 years (10%/50-year),
but not exceeding values used for new buildings taken as
two-thirds of the BSE-2 motion (i.e., two-thirds MCE).

1.6.1.3 Adjustment of Mapped Response Acceleration
Parameters for Other Probabilities of Exceedance

Acceleration response spectra for earthquake haz-
ard level corresponding to probabilities of exceedance
other than 2% /50 years and 10%/50 years shall be
determined using the procedures specified in Sec-
tions 1.6.1.3.1 or 1.6.1.3.2.

1.6.1.3.1 Probabilities of Exceedance Between 2%/50
Years and 10%/50 Years For probabilities of
exceedance, Py , between 2%/50 years and 10%/

50 years, where the mapped BSE-2 short-period spec-
tral response acceleration parameter, S, is less than
1.5, the modified mapped short-period spectral
response acceleration parameter, Sg, and modified
mapped spectral response acceleration parameter at a
1-sec period, §,, shall be determined from Eq. 1-1:

In(S) = ln(SiIO/SO) + {[ln(SiBSE—Z) - ln(Sil()/SO)]

- [0.606 In(Py) — 3.73]}
(Eq. I-1)
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where

In(S;) = natural logarithm of the spectral response
acceleration parameter (‘i = “S” for
short-period, or “i” = 1 for 1-sec period)
at the desired probability of exceedance;

In(S;,0/50) = natural logarithm of the spectral response
acceleration parameter (‘i = “S” for
short-period, or “i” = 1 for 1-sec period)
at a 10%/50-year exceedance rate;

In(S,55;_») = natural logarithm of the spectral response
acceleration parameter (“i” = “S” for
short-period, or “7” = 1 for 1-sec period)
for the BSE-2 hazard level; and
In(P,) = natural logarithm of the mean return
period corresponding to the exceedance
probability of the desired Earthquake

Hazard Level.

The mean return period, Py, at the desired exceed-
ance probability shall be calculated from Eq. 1-2:

-Y

Pp=—"— Eq. 1-2
27 (1 — P (Eq )

where Py is the probability of exceedance (expressed
as a decimal) in time Y (years) for the desired
Earthquake Hazard Level.

Where the mapped BSE-2 short-period spectral
response acceleration parameter, S, is greater than or
equal to 1.5, the modified mapped short-period spec-
tral response acceleration parameter, S, and the modi-
fied mapped spectral response acceleration parameter
at a 1-sec period, S, for probabilities of exceedance
between 2%/50 years and 10%/50 years shall be
determined from Eq. 1-3:

P, \"
S; = Sno/so R

where S, S;0/5. and Py are as defined above and n
shall be obtained from Table 1-1.

(Eq. 1-3)

Table 1-1. Values of Exponent n for Determination
of Response Acceleration Parameters at
Earthquake Hazard Levels between 10% /50 Years
and 2% /50 Years

Values of Exponent n for

Region S S,

California 0.29 0.29
Pacific Northwest 0.56 0.67
Intermountain 0.50 0.60
Central U.S. 0.98 1.09
Eastern U.S. 0.93 1.05

Sites where mapped BSE-2 values of Sg = 1.5.



C1.6.1.3.1 Probabilities of Exceedance Between
2%/50 Years and 10%/50 Years Tables 1-1 through
1-3 specify five regions, three of which are not yet
specifically defined, namely Intermountain, Central
U.S., and Eastern U.S.

1.6.1.3.2 Probabilities of Exceedance Greater than
10%/ 50 Years For probabilities of exceedance greater
than 10%/50 years, where the mapped short-period
spectral response acceleration parameter, Sg, is less
than 1.5, the modified mapped short-period spectral
response acceleration parameter, S, and the modified
mapped spectral response acceleration parameter at a
1-sec period, S;, shall be determined from Eq. 1-3,
where the exponent 7 is obtained from Table 1-2.

For probabilities of exceedance greater than

10%/50 years, where the mapped short-period spectral

response acceleration parameter, S, is greater than or
equal to 1.5, the modified mapped short-period spec-
tral response acceleration parameter, S, and the modi-
fied mapped spectral response acceleration parameter
at a 1-sec period, §,, shall be determined from Eq. 1-3,
where the exponent 7 is obtained from Table 1-3.

Table 1-2. Values of Exponent n for Determination
of Response Acceleration Parameters at
Probabilities of Exceedance Greater than
10% /50 Years

Values of Exponent n for

Region S S
California 0.44 0.44
Pacific Northwest

and Intermountain 0.54 0.59
Central and Eastern

U.S. 0.77 0.80

Sites where mapped BSE-2 values of Sg < 1.5.

Table 1-3. Values of Exponent n for Determination
of Response Acceleration Parameters at
Probabilities of Exceedance Greater than
10% /50 Years

Values of Exponent n for

Region S S,

California 0.44 0.44
Pacific Northwest 0.89 0.96
Intermountain 0.54 0.59
Central U.S. 0.89 0.89
Eastern U.S. 1.25 1.25

Sites where mapped BSE-2 values of Sg = 1.5.
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1.6.1.4 Adjustment for Site Class
The design short-period spectral response acceler-
ation parameter, Sy, and the design spectral response
acceleration parameter at 1 sec, Sy,, shall be obtained
from Eqgs. 1-4 and 1-5, respectively, as follows:
Sxs = F,Ss

a

(Eq. 1-4)

Sy, = F.S,

v (Eq. 1-5)
where F, and F, are site coefficients determined
respectively from Tables 1-4 and 1-5, based on the

site class and the values of the response accelera-

tion parameters Sy and S, for the selected return
period.

Table 1-4. Values of F, as a Function of Site Class
and Mapped Short-Period Spectral Response
Acceleration S

Mapped Spectral Acceleration at Short-Period S!

Site

Class Sy = 0.25 S, =0.50 S, =0.75 S; = 1.00 S; = 1.25
A 0.8 0.8 0.8 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.2 1.2 1.1 1.0 1.0

D 1.6 1.4 1.2 1.1 1.0

E 2.5 1.7 1.2 0.9 0.9

F * * k * *

*Site-specific geotechnical investigation and dynamic site response
analyses shall be performed.

IStraight-line interpolation shall be used for intermediate values

of Ss.

Table 1-5. Values of F, as a Function of Site Class
and Mapped Spectral Response Acceleration at
1-Sec Period S,

Site Mapped Spectral Acceleration at Short-Period S,!

Class §,=0.1 §,=02 S =03 S,=04 S =050

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 35 32 2.8 2.4 2.4
F * * * * *

*Site-specific geotechnical investigation and dynamic site response
analyses shall be performed.

IStraight-line interpolation shall be used for intermediate values

of §,.
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1.6.1.4.1 Site Classes Site classes shall be defined as
follows:

1. Class A: Hard rock with average shear wave veloc-
ity, v, > 5,000 ft/sec;

2. Class B: Rock with 2,500 ft/sec < v, < 5,000 ft/sec;

3. Class C: Very dense soil and soft rock with 1,200 ft/
sec < v, = 2,500 ft/sec or with either standard
blow count N > 50 or undrained shear strength
s, > 2,000 psf;

4. Class D: Stiff soil with 600 ft/sec < v, = 1,200 ft/
sec or with 15 < N = 50 or 1,000 psf = 5, <
2,000 psf;

5. Class E: Any profile with more than 10 ft of soft
clay defined as soil with plasticity index Pl > 20,
or water content w > 40%, and s, < 500 psf or a
soil profile with v, < 600 ft/sec; and

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

6.1. Soils vulnerable to potential failure or collapse
under seismic loading, such as liquefiable
soils, quick and highly sensitive clays, or col-
lapsible weakly cemented soils;

6.2 Peats and/or highly organic clays (H > 10 ft
of peat and/or highly organic clay, where

= thickness of soil);

6.3 Very high plasticity clays (H > 25 ft with
PI > 75); or

6.4 Very thick soft/medium-stiff clays (H > 120 ft).

The parameters v,, N, and s, are, respectively, the
average values of the shear wave velocity, Standard
Penetration Test (SPT) blow count, and undrained
shear strength of the upper 100 ft of soils at the site.
These values shall be calculated from Eq. 1-6:

>d,
iz Eq. 1-6
iii (Eq. 1-6)
"N,

é

where

N;= SPT blow count in soil layer i;

n = number of layers of similar soil materials for
which data are available;

d; = depth of layer i;

s,; = undrained shear strength in layer i;

v, = shear wave velocity of the soil in layer i; and

Si

> d. = 100 ft. (Eq. 1-7)
i=1
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Where v, data are available for the site, such data
shall be used to classify the site. If such data are not
available, N data shall be used for cohesionless soil
sites (sands, gravels), and s, data for cohesive soil sites
(clays). For rock in profile Classes B and C, classifica-
tion shall be based either on measured or estimated
values of v,. Classification of a site as Class A rock
shall be based on measurements of v, either for mate-
rial at the site itself or for rock having the same forma-
tion adjacent to the site; otherwise, Class B rock
shall be assumed. Class A or B profiles shall not be
assumed to be present if there is more than 10 ft of
soil between the rock surface and the base of the
building.

1.6.1.4.2 Default Site Class If there are insufficient
data available to classify a soil profile as Class A, B,
or C, and there is no evidence of soft clay soils charac-
teristic of Class E in the vicinity of the site, the default
site class shall be taken as Class D. If there is evidence
of Class E soils in the vicinity of the site and no other
data supporting selection of Class A, B, C, or D, the
default site class shall be taken as Class E.

1.6.1.5 General Response Spectrum
A general response spectrum shall be developed
as specified in Sections 1.6.1.5.1 through 1.6.1.5.3.

1.6.1.5.1 General Horizontal Response Spectrum A
general horizontal response spectrum as shown in
Fig. 1-1 shall be developed using Egs. 1-8, 1-9, and
1-10 for spectral response acceleration, S,, versus
structural period, 7, in the horizontal direction.

T
S, = SXS[<i - 2) — 4 0.4] (Eq. 1-8)
B, T

for0 < T <T, and

S, =Sy/B, for T,=T=<T, and
S, = Sy,/(B,T), for T > T

(Eq. 1-9)
(Eq. 1-10)

where T and T, are given by Eqgs. 1-11 and 1-12:

Ty = Su/Sss (Eq. 1-11)
T, = 0.2T, (Eq. 1-12)

and where
B,=4/[5.6 — In (100 B)] (Eq. 1-13)

and 3 is the effective viscous damping ratio.
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FIGURE 1-1. General Horizontal Response

Spectrum.

Use of spectral response accelerations calculated
using Eq. 1-8 in the extreme short-period range
(T < T,) shall only be permitted in dynamic analysis
procedures and only for modes other than the funda-
mental mode.

1.6.1.5.2 General Vertical Response Spectrum Where a
vertical response spectrum is required, it shall be
developed by taking two-thirds of the spectral ordi-
nates, at each period, obtained for the horizontal
response spectrum or by alternative rational proce-
dures approved by the code official. Alternatively, it
shall be permitted to develop a site-specific vertical
response spectrum in accordance with Section 1.6.2.

C1.6.1.5.2 General Vertical Response Spectrum
Traditionally, the vertical response spectra are taken as
two-thirds of the horizontal spectra developed for the
site. While this is a reasonable approximation for most
sites, vertical response spectra at near-field sites
located within a few kilometers of the zone of fault
rupture can have stronger vertical response spectra
than indicated by this approximation. Development of
site-specific response spectra is recommended where
vertical response must be considered for buildings on
such sites.

Other methods for scaling the horizontal spectrum
have been proposed by Bozorgnia et al. (1996). Kehoe
and Attalla (2000) present modeling considerations
that should be accounted for where analyzing for verti-
cal effects.

1.6.1.5.3 Damping Ratios A 5% damped response
spectrum shall be used for the rehabilitation design of
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all buildings and structural systems except those meet-
ing the following criteria:

1. For structures without exterior cladding, an effec-
tive viscous damping ratio, 3, equal to 2% of criti-
cal damping (B8 = 0.02) shall be assumed;

2. For structures with wood diaphragms and interior
partitions and cross walls that interconnect the
diaphragm levels at a maximum spacing of 40 ft on
center transverse to the direction of motion, an
effective viscous damping ratio, 3, equal to 10% of
critical damping (8 = 0.10) shall be permitted; and

3. For structures rehabilitated using seismic isolation
technology or enhanced energy dissipation technol-
ogy, an equivalent effective viscous damping ratio,
B, shall be calculated using the procedures speci-
fied in Chapter 9.

1.6.2 Site-Specific Procedure for Hazard Due to
Ground Shaking

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

1.6.2.1 Site-Specific Response Spectra

Development of site-specific response spectra
shall be based on the geologic, seismologic, and
soil characteristics associated with the specific site
and as specified in Sections 1.6.2.1.1 through
1.6.2.1.4.

C1.6.2.1 Site-Specific Response Spectra

The code official should consider requiring an
independent third-party review of the site-specific
spectra by an individual with expertise in the evalua-
tion of ground motion.

1.6.2.1.1 Damping Ratios Response spectra shall be
developed for an effective viscous damping ratio of
5% of critical damping (8 = 0.05) and for other
damping ratios appropriate to the indicated structural
behavior, as defined in Section 1.6.1.5.

1.6.2.1.2 Minimum Spectral Amplitude The 5%
damped site-specific spectral amplitudes in the period
range of greatest significance to the structural response
shall not be specified less than 70% of the spectral
amplitudes of the General Response Spectrum.

1.6.2.1.3 Basis of the Response Spectra Probabilistic
site-specific spectra that represent the BSE-1 Earth-
quake Hazard Level shall be mean spectra at the
10%/50-year probability of exceedance. Probabilistic
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site-specific spectra that represent the BSE-2 Earth-
quake Hazard Level shall be mean spectra at the

2% /50-year probability of exceedance. Deterministic
BSE-2 site-specific spectra shall be taken as 150% of
the median spectra for the characteristic event on the
controlling fault.

1.6.2.1.4 Site-Specific BSE-2 Spectral Response
Acceleration Parameters The site-specific response
acceleration parameters for the BSE-2 Earthquake
Hazard Level shall be taken as the smaller of the
following:

1. The values of the parameters from mean probabilis-
tic site-specific spectra at the 2%/50-year probabil-
ity of exceedance; or

2. The values of the parameters from 150% of median
deterministic site-specific spectra.

1.6.2.1.5 Site-Specific BSE-1 Spectral Response
Acceleration Parameters The site-specific response
acceleration parameters for the BSE-1 Earthquake
Hazard Level shall be taken as the smaller of the
following:

1. The values of the parameters from mean probabilis-
tic site-specific spectra at the 10%/50-year proba-
bility of exceedance; or

2. Two-thirds of the values of the parameters
determined for the BSE-2 Earthquake Hazard
Level.

1.6.2.1.6 Site-Specific Response Acceleration
Parameters Where a site-specific response spectrum
has been developed and other sections of this standard
require the design response acceleration parameters,
Sys» Sx;» and T they shall be obtained using the site-
specific response spectrum in accordance with this
section. Values of the design response acceleration
parameter at short periods, Sy, shall be taken as the
response acceleration obtained from the site-specific
spectrum at a period of 0.2 sec, except that it shall
not be taken as less than 90% of the peak response
acceleration at any period. In order to obtain values
for the design spectral response acceleration param-
eter Sy,, a curve of the form S, = S,/ T shall be
graphically overlaid on the site-specific spectrum
such that, at any period, the value of S, obtained
from the curve is not less than 90% of that which
would be obtained directly from the spectrum. The
value of T shall be determined in accordance with
Eq. 1-11.
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Table 1-6. Level of Seismicity Definitions

Level of Seismicity! Sys Sy,
Low <0.167 <0.067
Moderate =0.167 =0.067
<0.500 <0.200
High =0.500 =0.200

'The higher level of seismicity defined by Sy, or Sy, shall govern.

1.6.2.2 Acceleration Time Histories

Time history analysis shall be performed with no
fewer than three data sets (each containing two hori-
zontal components or, if vertical motion is to be con-
sidered, two horizontal components and one vertical
component) of ground motion time histories that shall
be selected and scaled from no fewer than three
recorded events. Time histories shall have magnitude,
fault distances, and source mechanisms that are con-
sistent with those that control the design earthquake
ground motion. Where three recorded ground-motion
time history data sets having these characteristics are
not available, simulated time history data sets having
equivalent duration and spectral content shall be used
to make up the total number required. For each data
set, the square root of the sum of the squares (SRSS)
of the 5%-damped site-specific spectra of the scaled
horizontal components shall be constructed. The data
sets shall be scaled such that the average value of
the SRSS spectra does not fall below 1.3 times the
5%-damped spectrum for the design earthquake for
periods between 0.27 and 1.57 (where T is the funda-
mental period of the building).

1.6.3 Level of Seismicity

The level of seismicity shall be defined as High,
Moderate, or Low as defined in Table 1-6.

The values of Sy, and Sy, used to determine the
Level of Seismicity shall be two-thirds of the BSE-2
values defined in Section 1.6.1.1.

2.0 GENERAL REQUIREMENTS
2.1 SCOPE

This chapter sets forth general requirements for data
collection, analysis procedures, methods, and strate-
gies for the design of seismic rehabilitation projects.

Section 2.2 specifies data collection procedures
for obtaining required as-built information on build-



ings. Section 2.3 outlines the Simplified and
Systematic Methods for seismic rehabilitation of
buildings. Section 2.4 specifies limitations on selecting
analysis procedures, and defines component behavior
types and corresponding acceptance criteria.

Section 2.5 identifies acceptable rehabilitation strate-
gies. Section 2.6 contains general design requirements
for rehabilitation designs. Section 2.7 specifies con-
struction quality assurance requirements. Section 2.8
specifies procedures for developing alternative model-
ing parameters and acceptance criteria.

2.2 AS-BUILT INFORMATION

The as-built information on building configuration,
building components, site and foundation, and adja-
cent structures shall be obtained in accordance with
Sections 2.2.1, 2.2.2,2.2.3, and 2.2.4, respectively.
This data shall be obtained from available drawings,
specifications, and other documents for the existing
construction. The data collected shall be in sufficient
detail to permit classification of components as pri-
mary or secondary as specified in Section 2.2.5 and
shall comply with the data collection requirements of
Section 2.2.6. Data collected from available docu-
ments shall be supplemented and verified by on-site
investigations including nondestructive examination
and testing of building materials and components as
required in Section 2.2.6.

At least one site visit shall be made to observe
exposed conditions of building configuration, building
components, site and foundation, and adjacent struc-
tures (made accessible by the owner) to verify that
as-built information obtained from other sources is
representative of the existing conditions.

C2.2 AS-BUILT INFORMATION

Existing building characteristics pertinent to seismic
performance should be obtained from the following
sources, as appropriate:

1. Field observation of exposed conditions and config-
uration made accessible by the owner;

2. Construction documents, engineering analyses,
reports, soil borings and test logs, maintenance his-
tories, and manufacturers’ literature and test data,
which may be available from the owner or the code
official;

3. Reference standards and codes from the period of
construction as cited in Chapters 5 through 8;
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4. Destructive and nondestructive examination and
testing of selected building materials and compo-
nents as specified in Section 2.2.6; and

5. Interviews with building owners, tenants, managers,
the original architect and engineer, contractor(s),
and the local building official.

The information required for an existing building
may also be available from a previously conducted
seismic evaluation of the building. Where seismic
rehabilitation has been mandated according to building
construction classification, familiarity with the build-
ing type and typical seismic deficiencies is recom-
mended. Such information is available from several
sources, including ASCE 31 (ASCE 2002). Such infor-
mation may be sufficient for Simplified Rehabilitation.
Additional as-built information may be needed for
Systematic Rehabilitation.

Where a destructive and nondestructive testing
program is necessary to obtain as-built information,
it is prudent to perform preliminary calculations on
select key locations or parameters prior to establishing
a detailed testing program. These obtain knowledge at
a reasonable cost and with as little disruption as possi-
ble of construction features and materials properties at
concealed locations.

If the building is a historic structure, it is also
important to identify the locations of historically signif-
icant features and fabric, which should be thoroughly
investigated. Care should be taken in the design and
investigation process to minimize the impact of work
on these features. Refer to the Standards for the
Treatment of Historic Properties with Guidelines for
Preserving, Rehabilitating, Restoring, and
Reconstructing Historic Buildings (Secretary of the
Interior 1995), as discussed in Appendix A. The ser-
vices of a historic preservation expert may be necessary.

2.2.1 Building Configuration

The as-built building configuration information
shall include data on the type and arrangement of
existing structural components of the vertical- and
lateral-force-resisting systems, and the nonstructural
components of the building that either affect the stiff-
ness or strength of the structural components or affect
the continuity of the structural load path. The as-built
building configuration shall be examined to identify
the vertical and lateral load paths.

C2.2.1 Building Configuration

The as-built information on building configura-
tion should identify the load-resisting components.
Load-resisting components may include structural and
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nonstructural components that participate in resisting
lateral loads, whether or not they were intended to do
so by the original designers. This information should
identify potential seismic deficiencies in load-resisting
components, which may include discontinuities in the
load path, weak links, irregularities, and inadequate
strength and deformation capacities.

ASCE 31 (ASCE 2002) is one example of a seis-
mic evaluation tool that offers guidance on building
configuration.

2.2.2 Component Properties

Sufficient as-built information shall be collected
on components of the building, including their geo-
metric and material properties and their interconnec-
tion with other components, to permit computation of
their strengths and deformation capacities. To account
for any uncertainty associated with component as-built
information, a knowledge factor, k, shall be used in
the capacity evaluation as specified in Section 2.2.6.4.

C2.2.2 Component Properties

Meaningful structural analysis of a building’s
probable seismic behavior and reliable design of reha-
bilitation measures require good understanding of the
existing components (such as beams, columns, and
diaphragms), their interconnection, and their material
properties (mainly the mechanical properties, such as
strength, deformability, and toughness). The strength
and deformation capacity of existing components
should be computed, as specified in Chapters 4
through 9 and 11, based on derived material properties
and detailed component knowledge. Existing compo-
nent action strengths must be determined for two basic
purposes: to allow calculation of their ability to deliver
load to other components, and to allow determination
of their capacity to resist forces and deformations.

2.2.3 Site and Foundation Information

Data on foundation configuration and soil surface
and subsurface conditions at the site shall be obtained
from existing documentation, visual site reconnais-
sance, or a program of site-specific subsurface investi-
gation in accordance with Chapter 4. A site-specific
subsurface investigation shall be performed where
Enhanced Rehabilitation Objectives are selected, or
where insufficient data are available to quantify foun-
dation capacities or determine the presence of geologic
site hazards identified in Section 4.2.2. Where historic
information indicates geologic site hazards have
occurred in the vicinity of the site, a site-specific sub-
surface investigation shall be performed to investigate
the potential for geologic site hazards at the site. Use
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of applicable existing foundation capacity or geologic
site hazard information available for the site shall be
permitted.

A site reconnaissance shall be performed to ob-
serve variations from existing building drawings,
foundation modifications not shown on existing docu-
mentation, presence of adjacent development or grading
activities, and evidence of poor foundation performance.

C2.2.3 Site and Foundation Information

Sources of applicable existing site and foundation
information include original design information, foun-
dation capacity information included on the drawings,
and previous geotechnical reports for the site or for
other sites in the immediate vicinity.

Adjacent building development or grading activi-
ties that impose loads on or reduce the lateral support
of the structure can affect building performance in a
future earthquake. Evidence of poor foundation per-
formance can include settlement of building floor
slabs and foundations, or differential movement visible
at adjacent exterior sidewalks or other miscellaneous
site construction.

2.2.4 Adjacent Buildings

Sufficient data shall be collected on the configura-
tion of adjacent structures to permit investigation of the
interaction issues identified in Sections 2.2.4.1 through
2.2.4.3. If the necessary information on adjacent struc-
tures is not available, the authority having jurisdiction
shall be informed of the potential consequences of the
interactions that are not being evaluated.

2.2.4.1 Building Pounding

Data shall be collected to permit investigation of
the effects of building pounding in accordance with
Section 2.6.10, wherever a portion of an adjacent
structure is located within 4% of the height above
grade at the location of potential impact.

C2.2.4.1 Building Pounding

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 adja-
cent structure. Of particular concern is the potential
for extreme local damage to structural elements at the
zones of impact.

2.2.4.2 Shared Element Condition

Data shall be collected on adjacent structures
that share common vertical- or lateral-force-resisting
elements with the building to permit investigation in
accordance with Section 2.6.9.



C2.2.4.2 Shared Element Condition

Buildings sharing common elements, such as
party walls, have several potential problems. If the
buildings attempt to move independently, one building
may pull the shared element away from the other,
resulting in a partial collapse. If the buildings behave
as an integral unit, the additional mass and inertial
loads of one structure may result in extreme demands
on the lateral-force-resisting system of the other. All
instances of shared elements should be reported to
the building owner and the owner should be encour-
aged to inform adjacent building owners of hazards
if identified.

2.2.4.3 Hazards from Adjacent Buildings

Data on hazards from adjacent buildings shall be
collected to permit consideration of their potential to
damage the subject building as a result of an earth-
quake. If there is a potential for such hazards from an
adjacent building, the authority having jurisdiction
over the subject building shall be informed of the
effect of such hazards on achieving the selected
Rehabilitation Objective.

C2.2.4.3 Hazards from Adjacent Buildings

Hazards from adjacent buildings such as falling
debris, aggressive chemical leakage, fire, or explosion
that may impact building performance or the opera-
tion of the building after an earthquake should be
considered and discussed with the building owner.
Consideration should be given to hardening those por-
tions of the building that may be impacted by debris or
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other hazards from adjacent structures. Where
Immediate Occupancy of the building is desired and
ingress to the building may be impaired by such haz-
ards, consideration should be given to providing suit-
ably resistant access to the building. Sufficient infor-
mation should 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 (FEMA 1988) may be adequate for this

purpose.

2.2.5 Primary and Secondary Components

Data shall be collected to classify components
as primary or secondary in accordance with Sec-
tion 2.4.4.2. Data on primary and secondary com-
ponents shall be collected in sufficient detail to
permit modeling and analysis of such components
in accordance with the requirements of this
standard.

2.2.6 Data Collection Requirements

Data on the as-built condition of the structure,
components, site, and adjacent buildings shall be col-
lected in sufficient detail to perform the selected
analysis procedure. The extent of data collected shall
be consistent with minimum, usual, or comprehensive
levels of knowledge as specified in Section 2.2.6.1,
2.2.6.2, or 2.2.6.3. The required level of knowledge
shall be determined considering the selected
Rehabilitation Objective and analysis procedure in
accordance with Table 2-1.

Table 2-1. Data Collection Requirements

Level of Knowledge
Data Minimum Usual Comprehensive
Rehabilitation
Objective BSO or Lower BSO or Lower Enhanced Enhanced
Analysis
Procedures LSP, LDP All All All
Testing No Tests Usual Testing Usual Testing Comprehensive Testing
Design Drawings Design Drawings Design Drawings Construction Documents

Drawings or Equivalent or Equivalent or Equivalent or Equivalent
Condition
Assessment Visual Comprehensive Visual Comprehensive Visual Comprehensive Visual Comprehensive

From drawings From From
Material or default From default From drawings From usual From drawings From usual documents comprehensive
Properties values values and tests tests and tests tests and tests tests
Knowledge
Factor (k) 0.75 0.75 1.00 1.00 0.75 0.75 1.00 1.00
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2.2.6.1 Minimum Data Collection Requirements
As a minimum, collection of as-built information
shall consist of the following:

1. Information shall be obtained from design drawings
with sufficient information to analyze component
demands and calculate component capacities. For
minimum data collection, the design drawings
shall show, as a minimum, the configuration of the
vertical- and lateral-force-resisting system and typi-
cal connections with sufficient detail to carry out
linear analysis procedures. Where design drawings
are available, information shall be verified by a
visual condition assessment in accordance with
Chapters 5 through 8;

2. In the absence of sufficient information from
design drawings, incomplete or nonexistent infor-
mation shall be supplemented by a comprehensive
condition assessment, including destructive and
nondestructive investigation in accordance with
Chapters 5 through 8;

3. In the absence of material test records and quality
assurance reports, use of default material properties
in accordance with Chapters 5 through 8 shall be
permitted;

4. Information needed on adjacent buildings, refer-
enced in Section 2.2.4, shall be gained through
field surveys and research of as-built information
made available by the owner of the subject build-
ing; and

5. Site and foundation information shall be collected
in accordance with Section 2.2.3.

2.2.6.2 Usual Data Collection Requirements
Usual collection of as-built information shall con-
sist of the following:

1. Information shall be obtained from design drawings
with sufficient information to analyze component
demands and calculate component capacities. For
usual data collection, the design drawings shall
show, as a minimum, the configuration of the verti-
cal- and lateral-force-resisting system and typical
connections with sufficient detail to carry out the
selected analysis procedure. Where design draw-
ings are available, information shall be verified by
a visual condition assessment in accordance with
Chapters 5 through 8;

2. In the absence of sufficient information from
design drawings, incomplete or nonexistent infor-
mation shall be supplemented by a comprehensive
condition assessment, including destructive and
nondestructive investigation in accordance with
Chapters 5 through §;
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3. In the absence of material test records and quality
assurance reports, material properties shall be
determined by usual materials testing in accordance
with Chapters 5 through 8;

4. Information needed on adjacent buildings, refer-
enced in Section 2.2.4, shall be gained through field
surveys and research of as-built information made
available by the owner of the subject building; and

5. Site and foundation information shall be collected
in accordance with Section 2.2.3.

2.2.6.3 Comprehensive Data Collection Requirements
Comprehensive collection of as-built information
shall consist of the following:

1. Information shall be obtained from construction
documents including design drawings, specifica-
tions, material test records, and quality assurance
reports covering original construction and subse-
quent modifications to the structure. Where con-
struction documents are available, information shall
be verified by a visual condition assessment in
accordance with Chapters 5 through 8;

2. If construction documents are incomplete, missing
information shall be supplemented by a compre-
hensive condition assessment, including destructive
and nondestructive investigation in accordance with
Chapters 5 through 8;

3. In the absence of material test records and quality
assurance reports, material properties shall be
determined by comprehensive materials testing in
accordance with Chapters 5 through 8. The coeffi-
cient of variation in material test results shall be
less than 20%;

4. Information needed on adjacent buildings, refer-
enced in Section 2.2.4, shall be gained through field
surveys and research of as-built information made
available by the owner of the subject building; and

5. Site and foundation information shall be collected
in accordance with Section 2.2.3.

C2.2.6.3 Comprehensive Data Collection
Requirements

Where materials testing results have a coefficient
of variation greater than 20%, additional materials
testing can be performed until the coefficient of varia-
tion is less than 20% or a knowledge factor consistent
with a lesser data collection requirement can be used.

2.2.6.4 Knowledge Factor
2.2.6.4.1 General To account for uncertainty in the

collection of as-built data, a knowledge factor, k, shall
be selected from Table 2-1 considering the selected



Rehabilitation Objective, analysis procedure, and data
collection process. Knowledge factors shall be selected
from Table 2-1 on an individual component basis as
determined by the level of knowledge obtained for that
component during data collection. Knowledge factors
shall be applied to determine component capacities as
specified in Section 2.4.4.6.

C2.2.6.4.1 General The k factor is used to express the
confidence with which the properties of the building
components are known, where calculating component
capacities. The value of the factor is established from
the knowledge obtained based on access to original
construction documents, or condition assessments
including destructive or nondestructive testing of repre-
sentative components. The values of the factor have
been established, indicating whether the level of
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knowledge is “minimum,” “usual,” or “comprehensive.”

2.2.6.4.2 Linear Procedures Where linear procedures
are used, data collection consistent with the minimum
level of knowledge shall be permitted.

2.2.6.4.3 Nonlinear Procedures Where nonlinear pro-
cedures are used, data collection consistent with either
the usual or comprehensive levels of knowledge shall
be performed.

2.2.6.4.4 Assumed Values of Knowledge Factor It shall
be permitted to perform an analysis in advance of the
data collection process using an assumed value of «,
provided the value of « is substantiated by data collec-
tion in accordance with the requirements of Sec-

tion 2.2.6 prior to implementation of the rehabilitation
strategies.

If the assumed value of « is not supported by sub-
sequent data collection, the analysis shall be revised to
include a revised k consistent with the data collected
in accordance with the requirements of Section 2.2.6.

If an analysis using an assumed value of k results
in no required rehabilitation of the structure, the value
of k shall be substantiated by data collection in accor-
dance with the requirements of Section 2.2.6 before
the analysis is finalized.

2.3 REHABILITATION METHODS

Seismic rehabilitation of the building shall be per-
formed to achieve the selected Rehabilitation
Objective in accordance with the requirements of the
Simplified Rehabilitation Method of Section 2.3.1 or
the Systematic Rehabilitation Method of Section 2.3.2.
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2.3.1 Simplified Rehabilitation Method

The Simplified Rehabilitation Method shall be
permitted for buildings that conform to one of the
Model Building Types contained in Chapter 10,

Table 10-1, and all limitations in that table with re-
gard to building size and level of seismicity.

Use of the Simplified Rehabilitation Method shall
be restricted to Limited Rehabilitation Objectives con-
sisting of the Life Safety Building Performance Level
(3-C) at the BSE-1 Earthquake Hazard Level, or
Partial Rehabilitation as defined in Section 1.4.3.2.

The Simplified Rehabilitation Method shall be
performed in accordance with the requirements of
Chapters 2, 10, and 11.

C2.3.1 Simplified Rehabilitation Method

Simplified Rehabilitation may be applied to cer-
tain buildings of regular configuration that do not
require advanced analytical procedures. The primary
intent of Simplified Rehabilitation is to reduce seismic
risk efficiently, where possible and appropriate, by
seeking Limited Objectives. Partial Rehabilitation
measures, which target high-risk building deficiencies
such as parapets and other exterior falling hazards, are
included as Simplified Rehabilitation techniques, but
their use should not be limited to buildings that con-
form to the limitations of Table 10-1 in Chapter 10.

The Simplified Rehabilitation Method is less com-
plicated than the complete analytical rehabilitation
design procedures found under Systematic Rehabilita-
tion. In many cases, Simplified Rehabilitation represents
a cost-effective improvement in seismic performance,
and it often requires less detailed evaluation or partial
analysis to qualify for a specific performance level.

2.3.2 Systematic Rehabilitation Method

The Systematic Rehabilitation Method shall be
permitted for all rehabilitation designs and shall be
required for rehabilitations that do not satisfy the crite-
ria of Section 2.3.1. The Systematic Rehabilitation
Method includes the following steps:

1. An analysis procedure shall be selected in accor-
dance with the requirements and limitations of
Section 2.4;

2. A preliminary rehabilitation scheme shall be devel-
oped using one or more of the rehabilitation strate-
gies defined in Section 2.5; and

3. An analysis of the building, including rehabilitation
measures, shall be performed, and the results of the
analysis shall be evaluated in accordance with the
requirements of Chapters 2 through 9 and 11 to
verify that the rehabilitation design meets the
selected Rehabilitation Objective.
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C2.3.2 Systematic Rehabilitation Method

Systematic Rehabilitation may be applied to any
building and involves thorough checking of each exist-
ing structural component, the design of new ones, and
verification of acceptable overall performance repre-
sented by expected displacements and internal forces.
The Systematic Rehabilitation Method focuses on the
nonlinear behavior of structural response and employs
procedures not previously emphasized in seismic codes.

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
preliminary design and analysis, and the results of the
analysis are verified as acceptable on a component
basis. If either new or existing components still prove
to be inadequate, the modifications are adjusted and, if
necessary, a new analysis and verification cycle is per-
formed. A preliminary design is needed to define the
extent and configuration of corrective measures in suf-
ficient detail to estimate the interaction of the stiffness,
strength, and post-yield behavior of all new, modified,
or existing components to be used for lateral force
resistance. The designer is encouraged to include all
components with significant lateral stiffness in a math-
ematical 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 will not be considered part of the lateral-
force-resisting system, as long as deformation compat-
ibility checks are made on these components to assure
their adequacy.

A mathematical model, developed for the prelimi-
nary design, must be constructed in connection with
one of the analysis procedures defined in Chapter 3.
These are the linear procedures (Linear Static
Procedure and Linear Dynamic Procedure, LSP and
LDP) and the nonlinear procedures (Nonlinear Static
Procedure and Nonlinear Dynamic Procedure, NSP
and NDP). With the exception of the NDP, this stan-
dard defines the analysis and rehabilitation design pro-
cedures sufficiently that compliance can be checked by
an authority having jurisdiction in a manner similar to
design reviews for new buildings. Modeling assump-
tions to be used in various situations are given in
Chapters 4 through 9, and in Chapter 11 for nonstruc-
tural components. Requirements for seismic demand
are given in Chapter 1. Requirements are specified for
use of the NDP; however, considerable judgment is
required in its application. Criteria for applying
ground motion for various analysis procedures are
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given, but definitive rules for developing ground
motion input are not included in this standard.

This standard specifies acceptance criteria for
stiffness, strength, and ductility characteristics of
structural components for three discrete structural per-
formance levels in Chapters 4 though 8 for use in the
Systematic Rehabilitation Method, and acceptance cri-
teria for the performance of nonstructural components
in Chapter 11 for use in Systematic and Simplified
Rehabilitation Methods.

Inherent in the concept of performance levels and
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. To enable structural verification at the
selected performance level, the stiffness, strength, and
ductility characteristics of many common components
have been derived from laboratory tests and analytical
studies and are presented in a standard format in
Chapters 4 through 8 of this standard.

This standard specifies two new technologies in
Chapter 9: seismic isolation and energy dissipation,
for use in seismic rehabilitation of buildings using the
Systematic Rehabilitation Method.

It is expected that testing of existing materials and
components will continue and that additional correc-
tive measures and products will be developed. It is
also expected that systems and products intended to
modify structural response beneficially will be
advanced. The format of the analysis techniques and
acceptance criteria of this standard allows rapid incor-
poration of such technology. Section 2.8 gives specific
requirements in this regard. It is expected that this
standard will have a significant impact on testing and
documentation of existing materials and systems as
well as on new products.

2.4 ANALYSIS PROCEDURES

An analysis of the building, including rehabilitation
measures, shall be conducted to determine the forces
and deformations induced in components of the build-
ing by ground motion corresponding to the selected
Earthquake Hazard Level, or by other seismic geologic
site hazards specified in Section 4.2.2.

The analysis procedure shall comply with one of
the following:

1. Linear analysis subject to limitations specified in
Section 2.4.1, and complying with the Linear Static
Procedure (LSP) in accordance with Section 3.3.1,
or the Linear Dynamic Procedure (LDP) in accor-
dance with Section 3.3.2;



2. Nonlinear analysis subject to limitations specified
in Section 2.4.2, and complying with the NSP
in accordance with Section 3.3.3, or the NDP in
accordance with Section 3.3.4; or

3. Alternative rational analysis in accordance with
Section 2.4.3.

The analysis results shall comply with the appli-
cable acceptance criteria selected in accordance with
Section 2.4.4.

C2.4 ANALYSIS PROCEDURES

The linear procedures maintain the traditional use of a
linear stress—strain relationship, but incorporate adjust-
ments to overall building deformations and material
acceptance criteria to permit better consideration of
the probable nonlinear characteristics of seismic
response. The Nonlinear Static Procedure (NSP), often
called “pushover analysis,” uses simplified nonlinear
techniques to estimate seismic structural deformations.
The NDP, commonly known as nonlinear time history
analysis, requires considerable judgment and experi-
ence to perform, as described in Commentary Section
C2.4.2.2 of this standard.

2.4.1 Linear Procedures

Linear procedures shall be permitted for buildings
which do not have an irregularity defined in Sec-
tion 2.4.1.1. For buildings that have one or more of the
irregularities defined in Section 2.4.1.1, linear proce-
dures shall not be used unless the earthquake demands
on the building comply with the demand capacity ratio
(DCR) requirements in Section 2.4.1.1. For buildings
incorporating base isolation systems or supplemental
energy dissipation systems, the additional limitations
of Section 9.2.4 or Section 9.3.4 shall apply.

C2.4.1 Linear Procedures

The results of the linear procedures can be very
inaccurate where applied to buildings with highly
irregular structural systems, unless the building is
capable of responding to the design earthquake(s)
in a nearly elastic manner. The procedures of Sec-
tion 2.4.1.1 are intended to evaluate whether the build-
ing is capable of nearly elastic response.

2.4.1.1 Method to Determine Limitations on Use of
Linear Procedures

The methodology presented in this section shall
be used to determine the applicability of linear analy-
sis procedures based on four configurations of irregu-
larity defined in Sections 2.4.1.1.1 through 2.4.1.1.4.
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The determination of irregularity shall be based on the
configuration of the rehabilitated structure. A linear
analysis to determine irregularity shall be performed
by either an LSP in accordance with Section 3.3.1 or
an LDP in accordance with Section 3.3.2. The results
of this analysis shall be used to identify the magnitude
and uniformity of distribution of inelastic demands on
the primary elements and components of the lateral-
force-resisting system.

The magnitude and distribution of inelastic
demands for existing and added primary elements and
components shall be defined by DCRs and computed
in accordance with Eq. 2-1:

_w

DCR
Qce

(Eq. 2-1)

where

Qp = force due to the gravity and earthquake loads
calculated in accordance with Section 3.4.2;
and

QO = expected strength of the component or element,
calculated as specified in Chapters 5 through 8.

DCRs shall be calculated for each action (such as
axial force, moment, or shear) of each primary compo-
nent. The critical action for the component shall be the
one with the largest DCR. The DCR for this action
shall be termed the critical component DCR. The
largest DCR for any element at a particular story is
termed the critical element DCR at that story. If an
element at a particular story is composed of multiple
components, then the component with the largest com-
puted DCR shall define the critical component for the
element at that story.

If one or more component DCRs exceed 2.0 and
any irregularity described in Section 2.4.1.1.1 through
Section 2.4.1.1.4 is present, then linear procedures are
not applicable and shall not be used.

C2.4.1.1 Method to Determine Limitations on Use of
Linear Procedures

The magnitude and distribution of inelastic
demands are indicated by demand-capacity ratios
(DCRs). Note that these DCRs are not used to deter-
mine the acceptability of component behavior. The
adequacy of structural components must be evaluated
using the procedures contained in Chapter 3 along
with the acceptance criteria provided in Chapters 4
through 8. DCRs are used only to determine a struc-
ture’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
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procedures than to ensure that the building has suffi-
cient regularity to permit use of linear procedures.

If all of the computed controlling DCRs for a
component are less than or equal to 1.0, then the com-
ponent is expected to respond elastically to the earth-
quake ground shaking being evaluated. If one or more
of the computed DCRs for a component are greater
than 1.0, then the component is expected to respond
inelastically to the earthquake ground shaking.

2.4.1.1.1 In-Plane Discontinuity Irregularity An in-
plane discontinuity irregularity shall be considered to
exist in any primary element of the lateral-force-resist-
ing system wherever a lateral-force-resisting element
is present in one story, but does not continue or is off-
set within the plane of the element in the story imme-
diately below. Figure 2-1 depicts such a condition.

2.4.1.1.2 Out-of-Plane Discontinuity Irregularity An
out-of-plane discontinuity irregularity shall be con-
sidered to exist in any primary element of the lateral-
force-resisting system where an element in one story
is offset out-of-plane relative to that element in an
adjacent story, as depicted in Fig. 2-2.

2.4.1.1.3 Weak Story Irregularity A weak story irregu-
larity shall be considered to exist in any direction of
the building if the ratio of the average shear DCR

of any story to that of an adjacent story in the same
direction exceeds 125%. The average DCR of a story
shall be calculated by Eq. 2-2:

> DCR)Y,

DCR=-"'—— (Eq. 2-2)

where

DCR = average DCR for the story;
DCR, = critical action DCR for element i of the story;
V, = total calculated lateral shear force in an ele-
ment i due to earthquake response, assuming
that the structure remains elastic; and
n = total number of elements in the story.

For buildings with flexible diaphragms, each line
of framing shall be independently evaluated.

2.4.1.1.4 Torsional Strength Irregularity A torsional
strength irregularity shall be considered to exist in any
story if the diaphragm above the story under consider-
ation is not flexible and, for a given direction, the ratio
of the critical element DCRs for primary elements on
one side of the center of resistance of a story, to those
on the other side of the center of resistance of the
story, exceeds 1.5.
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2.4.1.2 Limitations on Use of the Linear Static
Procedure

Where Section 2.4.1.1 permits the use of linear
procedures, the Linear Static Procedure shall not be
used for a building with one or more of the following
characteristics:

1. The fundamental period of the building, 7, is
greater than or equal to 3.5 times T;

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

3. The building has a torsional stiffness irregularity in
any story. A torsional stiffness irregularity exists
in a story if the diaphragm above the story under
consideration 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;

4. The building has a vertical stiffness irregularity. A
vertical stiffness irregularity exists where the aver-
age drift in any story (except penthouses) is more
than 150% of that of the story above or below; and

5. The building has a non-orthogonal lateral-force-
resisting system.



C2.4.1.2 Limitations on Use of the Linear Static
Procedure

For buildings that have irregular distributions
of mass or stiffness, irregular geometries, or non-
orthogonal lateral-force-resisting systems, the distribu-
tion of demands predicted by an LDP analysis will be
more accurate than those predicted by the LSP. Either
the response spectrum method or time history method
may be used for evaluation of such structures.

2.4.2 Nonlinear Procedures

Nonlinear procedures shall be permitted for any
of the rehabilitation strategies contained in Section 2.5.
Nonlinear procedures shall be used for analysis of
buildings where linear procedures are not permitted.
Data collection for use with nonlinear procedures shall
be in accordance with Section 2.2.6.

2.4.2.1 Nonlinear Static Procedure
The NSP shall be permitted for structures with all
of the following characteristics:

1. The strength ratio, R, calculated in accordance with
Eq. 3-15 in Chapter 3, is less than R,,,, calculated
in accordance with Eq. 3-16 in Chapter 3; and

2. Higher mode effects are not significant, as defined
in this section.

To determine if higher modes are significant, a
modal response spectrum analysis shall be performed
for the structure using sufficient modes to produce
90% mass participation. A second response spectrum
analysis shall also be performed, considering only the
first mode participation. Higher mode effects shall be
considered significant if the shear in any story result-
ing from the modal analysis considering modes
required to obtain 90% mass participation exceeds
130% of the corresponding story shear considering
only the first mode response.

If higher mode effects are significant, the NSP
shall be permitted if an LDP analysis is also per-
formed to supplement the NSP. Buildings with signifi-
cant higher mode effects must meet the acceptance
criteria of this standard for both analysis procedures,
except that an increase by a factor of 1.33 shall be per-
mitted in the LDP acceptance criteria for deformation-
controlled actions (m-factors) provided in Chapters 5
through 9. A building analyzed using the NSP, with or
without a supplementary LDP evaluation, shall meet
the acceptance criteria for nonlinear procedures speci-
fied in Section 3.4.3.

If R exceeds R
performed.

an NDP analysis shall be

max»
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C2.4.2.1 Nonlinear Static Procedure

The NSP is generally a more reliable approach to
characterizing the performance of a structure than are
linear procedures. However, it is not exact and cannot
accurately account for changes in dynamic response as
the structure degrades in stiffness, nor can it account
for higher mode effects in multi-degree of freedom
(MDOQOF) systems. Where the NSP is utilized on a
structure that has significant higher mode response,
the LDP is also employed to verify the adequacy
of the design. Where this approach is taken, less-
restrictive criteria are permitted for the LDP, recogniz-
ing the significantly improved knowledge that is
obtained by performing both analysis procedures.

The strength ratio, R, is a measure of the extent of
nonlinearity, and R, is a measure of the system
degradation. Structures that experience nonlinear
demands exceeding R, have significant degradation
and an NDP is required to confirm the dynamic stabil-
ity of the building.

2.4.2.2 Nonlinear Dynamic Procedure

The NDP shall be permitted for all structures.
Where the NDP procedure is used, the authority hav-
ing jurisdiction shall consider the requirement of
review and approval by an independent third-party
engineer with experience in seismic design and nonlin-
ear procedures.

C2.4.2.2 Nonlinear Dynamic Procedure

The NDP consists of nonlinear time-history analy-
sis, a sophisticated approach to examining the inelastic
demands produced on a structure by a specific suite of
ground motion time histories. As with the NSP, the
results of the NDP can be directly compared with test
data on the behavior of representative structural com-
ponents in order to identify the structure’s probable
performance when subjected to a specific ground
motion. Potentially, the NDP can be more accurate
than the NSP in that it avoids some of the approxima-
tions made in the more simplified analysis. Time-
History Analysis automatically accounts for higher
mode effects and shifts in inertial load patterns as
structural softening occurs. In addition, for a given
earthquake record, this approach directly solves for
the maximum global displacement demand produced
by the earthquake on the structure, eliminating the
need to estimate this demand based on general
relationships.

Despite these advantages, the NDP requires con-
siderable judgment and experience to perform. These
analyses tend to be highly sensitive to small changes

37



SEISMIC REHABILITATION OF EXISTING BUILDINGS

in assumptions with regard to either the character of
the ground motion record used in the analysis, or the
nonlinear stiffness behavior of the elements. As an
example, two ground motion records enveloped by the
same response spectrum can produce radically differ-
ent results with regard to the distribution and amount
of inelasticity predicted in the structure. In order to
apply this approach reliably to rehabilitation design, it
is necessary to perform a number of such analyses,
using varied assumptions. The sensitivity of the analy-
sis results to the assumptions incorporated is the prin-
cipal reason why this method should be used only on
projects where the engineer is thoroughly familiar with
nonlinear dynamic analysis techniques and limitations.

2.4.3 Alternative Rational Analysis

Use of an approved alternative analysis procedure
that is rational and based on fundamental principles of
engineering mechanics and dynamics shall be permit-
ted. Such alternative analyses shall not adopt the
acceptance criteria contained in this standard without
first determining their applicability. All projects using
alternative rational analysis procedures shall be
reviewed and approved by an independent third-party
engineer with experience in seismic design.

2.4.4 Acceptance Criteria

2.4.4.1 General

The acceptability of force and deformation actions
shall be evaluated for each component in accordance
with the requirements of Section 3.4. Prior to selecting
component acceptance criteria for use in Section 3.4,
each component shall be classified as primary or sec-
ondary in accordance with Section 2.4.4.2, and each
action shall be classified as deformation-controlled
(ductile) or force-controlled (nonductile) in accordance
with Section 2.4.4.3. Component strengths, material
properties, and component capacities shall be deter-
mined in accordance with Sections 2.4.4.4, 2.4.4.5,
and 2.4.4.6, respectively. Component acceptance crite-
ria not specified in this standard shall be determined
by qualification testing in accordance with Section 2.8.

The rehabilitated building shall be provided with
at least one continuous load path to transfer seismic
loads, induced by ground motion in any direction,
from the point of application of the seismic load to the
final point of resistance. All primary and secondary
components shall be capable of resisting force and
deformation actions within the applicable acceptance
criteria of the selected performance level.
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2.4.4.2 Primary and Secondary Components

Components that affect the lateral stiffness or dis-
tribution of forces in a structure, or are loaded as a
result of lateral deformation of the structure, shall be
classified as primary or secondary, even if they are not
intended to be part of the lateral-force-resisting system.

A structural component that is required to resist
seismic forces in order for the structure to achieve
the selected performance level shall be classified as
primary.

A structural component that is not required to
resist seismic forces in order for the structure to
achieve the selected performance level shall be permit-
ted to be classified as secondary.

C2.4.4.2 Primary and Secondary Components

The designation of primary and secondary compo-
nents has been introduced to allow some flexibility in
the rehabilitation analysis and design process. Primary
components are those that the engineer relies on to
resist the specified earthquake effects. Secondary com-
ponents are those that the engineer does not rely on to
resist the specified earthquake effects. Typically, the
secondary designation will be used where a compo-
nent does not add considerably or reliably to the earth-
quake resistance. In all cases, the engineer must verify
that gravity loads are sustained by the structural sys-
tem, regardless of the designation of primary and sec-
ondary components.

The secondary designation typically will be used
where one or more of the following cases apply:

1. The secondary designation may be used where a
nonstructural component does not contribute signif-
icantly or reliably to resist earthquake effects in
any direction. A gypsum partition is a nonstructural
component that might be designated secondary in a
building because it does not provide significant
stiffness or strength in any direction;

2. The secondary designation may be used where a
structural component does not contribute signifi-
cantly to resist earthquake effects. A slab-column
interior frame is an element whose structural com-
ponents might be designated as secondary in a
building braced by much stiffer and stronger
perimeter frames or shear walls. If the stronger
perimeter frames or shear walls exist only in one
direction, the components of the slab-column inte-
rior frame may be designated as secondary for
that direction only. The connection at the base of
a column that is nominally pinned where it con-
nects to the foundation is a component that might



be designated as secondary because the moment
resistance is low, relative to the entire system resis-
tance; and

3. The secondary designation may be used where a
component, intended in the original design of the
building to be primary, is deformed beyond the
point where it can be relied on to resist earthquake
effects. For example, it is conceivable that coupling
beams connecting wall piers will exhaust their
deformation capacity before the entire structural
system capacity is reached. In such cases, the
engineer may designate these as secondary, allow-
ing them to be deformed beyond their useful
limits, provided that damage to these secondary
components does not result in loss of gravity load
capacity.

2.4.4.3 Deformation-Controlled and Force-
Controlled Actions

All actions shall be classified as either deforma-
tion-controlled or force-controlled using the compo-
nent force versus deformation curves shown in
Fig. 2-3.

The Type 1 curve depicted in Fig. 2-3 is represen-
tative of ductile behavior where there is an elastic
range (points O to 1 on the curve) followed by a plastic
range (points 1 to 3) with non-negligible residual
strength and ability to support gravity loads at point 3.
The plastic range includes a strain-hardening or
-softening range (points 1 to 2) and a strength-
degraded range (points 2 to 3). Primary component
actions exhibiting this behavior shall be classified as
deformation-controlled if the strain-hardening or
-softening range is such that e = 2g; otherwise, they
shall be classified as force-controlled. Secondary com-
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ponent actions exhibiting Type 1 behavior shall be
classified as deformation-controlled for any e/g ratio.

The Type 2 curve depicted in Fig. 2-3 is represen-
tative of ductile behavior where there is an elastic
range (points O to 1 on the curve) and a plastic range
(points 1 to 2) followed by loss of strength and loss of
ability to support gravity loads beyond point 2.
Primary and secondary component actions exhibiting
this type of behavior shall be classified as deforma-
tion-controlled if the plastic range is such that e = 2g;
otherwise, they shall be classified as force-controlled.

The Type 3 curve depicted in Fig. 2-3 is represen-
tative of a brittle or nonductile behavior where there is
an elastic range (points O to 1 on the curve) followed
by loss of strength and loss of ability to support grav-
ity loads beyond point 1. Primary and secondary com-
ponent actions displaying Type 3 behavior shall be
classified as force-controlled.

C2.4.4.3 Deformation-Controlled and Force-
Controlled Actions

Acceptance criteria for primary components
that exhibit Type 1 behavior typically are within the
elastic or plastic ranges between points 0 and 2,
depending on the performance level. Acceptance crite-
ria for secondary components that exhibit Type 1
behavior can be within any of the performance
ranges.

Acceptance criteria for primary and secondary
components exhibiting Type 2 behavior will be within
the elastic or plastic ranges, depending on the per-
formance level.

Acceptance criteria for primary and secondary
components exhibiting Type 3 behavior will always be
within the elastic range.
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FIGURE 2-3. Component Force Versus Deformation Curves.
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Table C2-1 provides some examples of possible
deformation- and force-controlled actions in common
framing systems. Classification of deformation- or
force-controlled actions are specified for foundation
and framing components in Chapters 4 through 8.

A given component may have a combination of
both deformation- and force-controlled actions.

Classification as a deformation-controlled action
is not up to the discretion of the user. Deformation-
controlled actions have been defined in this standard
by the designation of m-factors or nonlinear deforma-
tion capacities in Chapters 4 through 8. Where such
values are not designated and component testing justi-
fying Type 1 or Type 2 behavior is absent, actions are
to be taken as force-controlled.

Figure C2-1 shows the generalized force versus
deformation curves used throughout this standard to
specify component modeling and acceptance criteria
for deformation-controlled actions in any of the four
basic material types. Linear response is depicted
between point A (unloaded component) and an effec-
tive yield point B. The slope from point B to point C
is typically a small percentage (0%—10%) of the elas-
tic slope, and is included to represent phenomena
such as strain hardening. Point C has an ordinate that
represents the strength of the component, and an

Table C2-1. Examples of Possible Deformation-
Controlled and Force-Controlled Actions

Deformation- Force-Controlled
Component Controlled Action Action
Moment Frames
* Beams Moment (M) Shear (V)
¢ Columns — Axial load (P), V
« Joints — %
Shear Walls M,V P
Braced Frames
* Braces P —
* Beams — P
e Columns — P
¢ Shear Link \%4 P M
Connections PV, M? PV M
Diaphragms M, V3 PV M

IShear may be a deformation-controlled action in steel moment
frame construction.

2Axial, shear, and moment may be deformation-controlled actions
for certain steel and wood connections.

3If the diaphragm carries lateral loads from vertical seismic resisting
elements above the diaphragm level, then M and V shall be consid-
ered force-controlled actions.
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abscissa value equal to the deformation at which sig-
nificant strength degradation begins (line CD). Beyond
point D, the component responds with substantially
reduced strength to point E. At deformations greater
than point E, the component strength is essentially
Zero.

The sharp transition as shown on idealized curves
in Fig. C2-1 between points C and D can result in
computational difficulty and an inability to converge
where used as modeling input in nonlinear computer-
ized analysis software. In order to avoid this computa-
tional instability, a small slope (10 vertical to 1 hori-
zontal) may be provided to the segment of these
curves between points C and D.

For some components it is convenient to prescribe
acceptance criteria in terms of deformation (such as 6
or A), while for others it is more convenient to give
criteria in terms of deformation ratios. To accommo-
date this, two types of idealized force versus deforma-
tion curves are used in Figs. C2-1 (a) and (b). Fig-
ure C2-1(a) shows normalized force (Q/ Q,) versus
deformation (6 or A) and the parameters a, b, and c.
Figure C2-1(b) shows normalized force (Q/Q,) versus
deformation ratio (§/6,, A/A,, or A/n) and the param-
eters d, e, and c. Elastic stiffnesses and values for the
parameters a, b, ¢, d, and e that can be used for model-
ing components are given in Chapters 5 through 8.
Acceptance criteria for deformation or deformation
ratios for primary components (P) and secondary com-
ponents (S) corresponding to the target Building
Performance Levels of Collapse Prevention (CP), Life
Safety (LS), and Immediate Occupancy (IO) as shown
in Fig. C2-1(c) are given in Chapters 5 through 8.

2.4.4.4 Expected and Lower-Bound Strength

In Fig. 2-3, Q, represents the yield strength of the
component. Where evaluating the behavior of defor-
mation-controlled actions, the expected strength, O,
shall be used. Q. is defined as the mean value of
resistance of a component at the deformation level
anticipated for a population of similar components,
including consideration of the variability in material
strength as wells as strain hardening and plastic sec-
tion development. Where evaluating the behavior of
force-controlled actions, a lower-bound estimate of the
component strength, Q,, shall be used. Q, is defined
as the mean minus one standard deviation of the yield
strengths, Q, , for a population of similar components.

C2.4.4.4 Expected and Lower-Bound Strength

In Fig. 2-3, the strength of a component is
affected by inherent variability of the strength of the
materials comprising the individual components as
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well as differences in workmanship and physical con-
dition. See Chapters 5 through 8 for specific direction
regarding the calculation of expected and lower-bound
strengths of components.

2.4.4.5 Material Properties

Expected material properties shall be based on
mean values of tested material properties. Lower-
bound material properties shall be based on mean val-
ues of tested material properties minus one standard
deviation (o).

Nominal material properties, or properties speci-
fied in construction documents, shall be taken as
lower-bound material properties unless otherwise
specified in Chapters 5 through 8. Corresponding
expected material properties shall be calculated by
multiplying lower-bound values by appropriate factors
specified in Chapters 5 through 8 to translate from
lower-bound to expected values.

C2.4.4.5 Material Properties

Where calculations are used to determine
expected or lower-bound strengths of components,
expected or lower-bound material properties, respec-
tively, shall be used.

2.4.4.6 Component Capacities

2.4.4.6.1 General Detailed criteria for calculation of
individual component force and deformation capacities
shall comply with the requirements in individual mate-
rials chapters as follows:

1. Foundations—Chapter 4;

2. Components composed of steel or cast iron—
Chapter 5;

3. Components composed of reinforced concrete—
Chapter 6;

4. Components composed of reinforced or unrein-
forced masonry—Chapter 7,

5. Components composed of timber, light metal studs,
gypsum, or plaster products—Chapter §;

6. Seismic isolation systems and energy dissipation
systems—Chapter 9; and

7. Nonstructural (architectural, mechanical, and elec-
trical) components—Chapter 11.

Elements and components composed of combina-
tions of materials are covered in the chapters associ-
ated with each material.

2.4.4.6.2 Linear Procedures If linear procedures are

used, capacities for deformation-controlled actions
shall be defined as the product of m-factors and
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expected strengths, Q.. Capacities for force-
controlled actions shall be defined as lower-bound
strengths, O, as summarized in Table 2-2.

2.4.4.6.3 Nonlinear Procedures If nonlinear proce-
dures are used, component capacities for deforma-
tion-controlled actions shall be taken as permissible
inelastic deformation limits, and component capaci-
ties for force-controlled actions shall be taken as
lower-bound strengths, Q,, as summarized in
Table 2-3.

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

Deformation-

Parameter Controlled Force-Controlled

Lower-bound
value (approxi-
mately mean
value —lo level)

Existing Material Expected mean

Strength value with
allowance for
strain-hardening

Existing Action K- Ocp K- Q¢
Capacity

New Material Expected material Specified material
Strength strength strength

New Action Ocr O
Capacity

Table 2-3. Calculation of Component Action
Capacity—Nonlinear Procedures

Deformation-
Parameter Controlled Force-Controlled
Deformation k + Deformation limit N/A
Capacity
(Existing
Component)
Deformation Deformation limit N/A
Capacity
(New Component)
Strength N/A K- Qc
Capacity
(Existing
Component)
Strength Capacity N/A O

(New Component)
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2.5 REHABILITATION STRATEGIES

A Rehabilitation Objective shall be achieved by imple-
menting rehabilitation measures based on a strategy of
addressing deficiencies identified by a prior seismic
evaluation. Each rehabilitation measure shall be evalu-
ated in conjunction with other rehabilitation measures,
and the existing structure as a whole, to assure that the
complete rehabilitation scheme achieves the target
Building Performance Level for the selected Earth-
quake Hazard Level. The effects of rehabilitation on
stiffness, strength, and deformability shall be taken
into account in an analytical model of the rehabilitated
structure. The compatibility of new and existing com-
ponents shall be checked at displacements consistent
with the demands produced by the selected Earthquake
Hazard Level and geologic site hazards present at the
site.

One or more of the following strategies shall be
permitted as rehabilitation measures.

* Local modification of components

* Removal or reduction of existing irregularities

* Global structural stiffening

* Global structural strengthening

* Mass reduction

 Seismic isolation, in accordance with Chapter 9

* Supplemental energy dissipation, in accordance with
Chapter 9

¢ Other rehabilitation strategies approved by the
authority having jurisdiction.

C2.5 REHABILITATION STRATEGIES

Although not specifically required by any of the strate-
gies, it is very beneficial for the rehabilitated lateral-
force-resisting system to have an appropriate level of
redundancy so that any localized failure of a few com-
ponents of the system will not result in local collapse
or an instability. This should be considered when
developing rehabilitation designs.

Local Modification of Components. Some exist-
ing buildings have substantial strength and stiffness,
but some of their components may not have adequate
strength, toughness, or deformation capacity to satisfy
the Rehabilitation Objectives. An appropriate strategy
for such structures may be to perform local modifica-
tions of components that are inadequate while retain-
ing the basic configuration of the building’s lateral-
force-resisting system. Local modifications that can
be considered include improvement of component



connectivity, component strength, component defor-
mation capacity, or all three. This strategy tends to
be the most economical rehabilitation approach
where only a few of the building’s components are
inadequate.

Local strengthening allows one or more under-
strength components or connections to resist the
strength demands predicted by the analysis without
affecting the overall response of the structure. This
could include measures such as cover plating steel
beams or columns, or adding wood structural panel
sheathing to an existing timber diaphragm. Such meas-
ures increase the strength of the component and allow
it to resist more earthquake-induced force before the
onset of damage.

Local corrective measures that improve the defor-
mation capacity or ductility of a component allow it to
resist large deformation levels with reduced amounts
of damage, without necessarily increasing the strength.
One such measure is placement of a confinement
jacket around a reinforced concrete column to improve
its ability to deform without spalling or degrading
reinforcement splices. Another measure is reduction of
the cross section of selected structural components to
increase their flexibility and response displacement
capacity.

Removal or Reduction of Existing
Irregularities. Removal or reduction of existing irreg-
ularities may be an effective rehabilitation strategy if a
seismic evaluation shows that the irregularities result
in the inability of the building to meet the selected
Structural Performance Level.

The results of analysis should be reviewed to
detect existing irregularities. Stiffness, mass, and
strength irregularities may be detected by reviewing
the results of a linear analysis, by examining the distri-
bution of structural displacements and DCRs, or by
reviewing the results of a nonlinear analysis by exam-
ining the distribution of structural displacements and
inelastic deformation demands. If the distribution of
values of structural displacements, DCRs, or inelastic
deformation demands predicted by the analysis is
nonuniform with disproportionately high values within
one story relative to the adjacent story, or at one side
of a building relative to the other, then an irregularity
exists.

Such irregularities are often, but not always,
caused by the presence of a discontinuity in the struc-
ture, such as termination of a perimeter shear wall
above the first story. Simple removal of the irregularity
may be sufficient to reduce demands predicted by the
analysis to acceptable levels. However, removal of dis-
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continuities may be inappropriate in the case of
historic buildings, and the effect of such alterations
on important historic features should be considered
carefully.

Effective corrective measures for removal or
reduction of irregularities, such as soft or weak stories,
include the addition of braced frames or shear walls
within the soft or weak story. Torsional irregularities
can be corrected by the addition of moment frames,
braced frames, or shear walls to balance the distribu-
tion of stiffness and mass within a story. Discontin-
uous components such as columns or walls can be
extended through the zone of discontinuity.

Partial demolition can also be an effective correc-
tive measure for irregularities, although this obviously
has significant impact on the appearance and utility of
the building, and this may not be an appropriate alter-
native for historic structures. Portions of the structure
that create the irregularity, such as setback towers or
side wings, can be removed. Expansion joints can be
created to transform a single irregular building into
multiple regular structures; however, care must be
taken to avoid the potential problems associated with
pounding.

Global Structural Stiffening. Global stiffening
of the structure may be an effective rehabilitation strat-
egy if the results of a seismic evaluation show defi-
ciencies attributable to excessive lateral deflection of
the building and critical components do not have ade-
quate ductility to resist the resulting deformations.
Construction of new braced frames or shear walls
within an existing structure are effective measures for
adding stiffness.

Global Structural Strengthening. Global
strengthening of the structure may be an effective
rehabilitation strategy if the results of a seismic evalu-
ation show unacceptable performance attributable to a
global deficiency in structural strength. This can be
identified where the onset of global inelastic behavior
occurs at levels of ground shaking that are substan-
tially less than the selected level of ground shaking, or
large DCRs (or inelastic deformation demands) are
present throughout the structure. By providing supple-
mental strength to such a lateral-force-resisting sys-
tem, 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, but they may be significantly stiffer than the
structure to which they are added, requiring them 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
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structures; however, such flexible elements may not
become effective in the building’s response until exist-
ing brittle elements have already been damaged.

Mass Reduction. Mass reduction may be an
effective rehabilitation strategy if the results of a seis-
mic evaluation show deficiencies attributable to exces-
sive building mass, global structural flexibility, or
global structural weakness. Mass and stiffness control
the amount of force and deformation induced in a
structure by ground motion. Reductions in mass can
result in direct reductions in both the amount of force
and the 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.

Seismic Isolation. Seismic isolation may be an
effective rehabilitation strategy if the results of a seis-
mic evaluation show deficiencies attributable to exces-
sive seismic forces or deformation demands, or if it is
desired to protect important contents and nonstructural
components from damage. Where a structure is seismi-
cally isolated, compliant bearings are inserted between
the superstructure and its foundations. This produces a
system (structure and isolation bearings) with a nearly
rigid body translation of the structure above the bear-
ings. Most of the deformation induced in the isolated
system by the ground motion occurs within the com-
pliant bearings, which are specifically designed to
resist these concentrated displacements. Most bearings
also have excellent energy dissipation characteristics
(damping). Together, this results in greatly reduced
demands on the existing structural and nonstructural
components of the building and its contents. For this
reason, seismic isolation is often an appropriate strat-
egy to achieve Enhanced Rehabilitation Objectives
that include the 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.

Supplemental Energy Dissipation. Installation
of supplemental energy dissipation devices may be an
effective rehabilitation strategy if the results of a seis-
mic evaluation show deficiencies attributable to exces-
sive deformations due to global structural flexibility in
a building. Many available technologies allow the
energy imparted to a structure by ground motion to be
dissipated in a controlled manner through the action of
special devices—fluid viscous dampers (hydraulic
cylinders), yielding plates, or friction pads—resulting
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in an overall reduction in the displacements of the
structure. The most commonly used devices dissipate
energy through frictional, hysteretic, or viscoelastic
processes. In order to dissipate substantial energy, dis-
sipation devices typically must undergo significant
deformation (or stroke), which requires that the struc-
ture experience substantial lateral displacements.
Therefore, these systems are most effective in struc-
tures that are relatively flexible and have some inelas-
tic 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 structure as well as energy dissipation capacity
(damping). In some cases, although the structural dis-
placements are reduced, the forces delivered to the
structure can actually be increased.

2.6 GENERAL DESIGN REQUIREMENTS

The requirements of this section shall apply to all
buildings for which the Systematic Rehabilitation
Method is selected for any target Building
Performance Level and any selected Earthquake
Hazard Level unless specified otherwise.

2.6.1 Multidirectional Seismic Effects

Components shall be designed to resist seismic
forces acting in any horizontal direction. Seismic
forces in the vertical direction shall be considered
where required by Section 2.6.11. Multidirectional
seismic effects shall be considered in the analysis as
specified in Section 3.2.7.

2.6.2 P-A Effects

Components of buildings shall be designed for
P-A effects, defined as the combined effects of gravity
loads acting in conjunction with lateral drifts due to
seismic forces, as specified in Section 3.2.5.

2.6.3 Horizontal Torsion

Components of buildings shall be designed to
resist the effects of horizontal torsion as specified in
Section 3.2.2.2.

2.6.4 Overturning

Components of buildings shall be designed to
resist the effects of overturning at each intermediate
level as well as the base of the structure. Stability
against overturning shall be evaluated as specified in
Section 3.2.10. Effects of overturning on foundations
shall be evaluated as specified in Section 4.4.



2.6.5 Continuity

All structural components shall be tied together to
form a complete load path for the transfer of inertial
forces generated by the dynamic response of portions
of the structure to the rest of the structure. Actions
resulting from the forces specified in this section shall
be considered force-controlled.

1. Smaller portions of a structure, such as outstanding
wings, shall be connected to the structure as a
whole. Component connections shall be capable of
resisting, in any direction, the horizontal force cal-
culated using Eq. 2-3. These connections are not
required if the individual portions of the structure
are self-supporting and are separated by a seismic
joint permitting independent movement during
dynamic response.

F,=0.1338,5 W (Eq. 2-3)

where

F, = horizontal force in any direction for the
design of connections between two portions
of a structure;

Sys = spectral response acceleration parameter at
short periods for the selected Earthquake
Hazard Level and damping, adjusted for site
class; and

W = weight of the smaller portion of the structure.

2. A positive connection for resisting horizontal force
acting parallel to the member shall be provided for
each beam, girder, or truss to its support. The con-
nection shall have a minimum strength of 5% of
the dead load and live load reaction.

3. Where a sliding support is provided at the end of a
component, the bearing length shall be sufficient to
accommodate the expected differential displace-
ment between the component and the support.

C2.6.5 Continuity

A continuous structural system with adequately
interconnected elements is one of the most important
prerequisites for acceptable seismic performance. The
requirements of this section are similar to parallel pro-
visions contained in FEMA 450 (FEMA 2004).

2.6.6 Diaphragms

Diaphragms shall be defined as horizontal ele-
ments that transfer earthquake-induced inertial forces
to vertical elements of the lateral-force-resisting sys-
tems through the collective action of diaphragm com-
ponents, including chords, collectors, and ties.

Diaphragms shall be provided at each level of the
structure as necessary to connect building masses to
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the primary vertical elements of the lateral-force-
resisting system. The analytical model of the building
shall account for the behavior of the diaphragms as
specified in Section 3.2.4.

Diaphragms and their connections to vertical ele-
ments providing lateral support shall comply with the
design requirements specified in Section 5.8 for metal
diaphragms, Section 6.10 for concrete diaphragms,
Section 6.11 for precast concrete diaphragms, and
Section 8.5 for wood diaphragms.

2.6.6.1 Diaphragm Chords

Except for diaphragms evaluated as “‘unchorded”
as specified in Chapter 8, a boundary component shall
be provided at each diaphragm edge (either at the
perimeter or at an opening) to resist tension or com-
pression resulting from the diaphragm moment. This
boundary component shall be a continuous diaphragm
chord, a continuous component of a wall or frame ele-
ment, or a continuous combination of wall, frame, and
chord components. The boundary components shall be
designed to transfer accumulated lateral forces at the
diaphragm boundaries. At re-entrant corners in
diaphragms and at the corners of openings in
diaphragms, diaphragm chords shall be extended a dis-
tance sufficient to develop the accumulated diaphragm
boundary forces into the diaphragm beyond the corner.

2.6.6.2 Diaphragm Collectors

At each vertical element, a diaphragm collector
shall be provided to transfer to the element accumu-
lated diaphragm forces that are in excess of the forces
transferred directly to the element in shear. The
diaphragm collector shall be extended beyond the ele-
ment and attached to the diaphragm to transfer the
accumulated forces.

2.6.6.3 Diaphragm Ties

Diaphragms shall be provided with continuous
tension ties between chords or boundaries. At a mini-
mum, ties shall be designed for axial tension as a
force-controlled action calculated using Eq. 2-4.

F, =048 W (Eq. 2-4)

where

F, = axial tensile force for the design of ties between
the diaphragm and chords or boundaries;

Sys = spectral response acceleration parameter at short
periods for the selected hazard level and damp-
ing, adjusted for site class; and

W = weight tributary to that portion of the
diaphragm extending half the distance to each
adjacent tie or diaphragm boundary.
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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
Section 2.6.7 for the area of wall tributary to the
diaphragm tie.

C2.6.6 Diaphragms

The concept of a diaphragm chord, consisting of
an edge member provided to resist diaphragm flexural
stresses through direct axial tension or compression, is
not familiar to many engineers. Buildings with solid
structural walls on all sides often do not require
diaphragm chords. However, buildings with highly
perforated perimeter walls do require these compo-
nents for proper diaphragm behavior. This section of
this standard requires that these components be pro-
vided where appropriate.

A common problem in buildings that nominally
have robust lateral-force-resisting systems is a lack of
adequate attachment between the diaphragms and the
vertical elements of the lateral-force-resisting to effect
shear transfer. This is particularly a problem in build-
ings that have discrete shear walls or frames as their
vertical lateral-force-resisting elements. This section
provides a reminder that it is necessary to detail a for-
mal system of force delivery from the diaphragm to
the walls and frames.

Diaphragms that support heavy perimeter walls
have occasionally failed due to tension induced by
out-of-plane forces generated in the walls. This section
is intended to ensure that sufficient tensile ties are pro-
vided across diaphragms to prevent such failures. The
design force for these tensile ties, taken as 0.4Sy, times
the weight, is an extension of provisions contained in
the 1994 Uniform Building Code (ICBO 1994). In that
code, parts and portions of structures are designed for
a force calculated as C,IZ times the weight of the
component, with typical values of C, being 0.75 and Z
being the effective peak ground acceleration for which
the building is designed. The 1994 Uniform Building
Code provisions use an allowable stress basis. This
standard uses a strength basis. Therefore, a factor of
1.4 was applied to the C, value, and a factor of 1/(2.5)
was applied to adjust the Z value to an equivalent Sy,
value, resulting in a coefficient of 0.4.

2.6.7 Walls

Walls shall be evaluated for out-of-plane inertial
forces as required by this section and as further
required for specific structural systems in Chapters 5
through 8. Actions that result from application of the
forces specified in this section shall be considered
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force-controlled. Nonstructural walls shall be evalu-
ated using the provisions of Chapter 11.

2.6.7.1 Out-of-Plane Anchorage to Diaphragms
Walls shall be positively anchored to all
diaphragms that provide lateral support for the wall or
are vertically supported by the wall. Walls shall be
anchored to diaphragms at horizontal distances not
exceeding 8 ft, unless it can be demonstrated that
the wall has adequate capacity to span horizontally
between the supports for greater distances. Anchorage
of walls to diaphragms shall be designed for forces
calculated using Eq. 2-5, which shall be developed
in the diaphragm. If sub-diaphragms are used, each
sub-diaphragm shall be capable of transmitting the
shear forces due to wall anchorage to a continuous
diaphragm tie. Sub-diaphragms shall have length-to-
depth ratios not exceeding 3:1. Where wall panels are
stiffened for out-of-plane behavior by pilasters or sim-
ilar components, anchors shall be provided at each
such component and the distribution of out-of-plane
forces to wall anchors and diaphragm ties shall con-
sider the stiffening effect and accumulation of forces
at these components.

F, = XSys W (Eq. 2-5)

where

F,= design force for anchorage of walls to
diaphragms;

X = factor from Table 2-4 for the selected Structural
Performance Level. Increased values of X shall
be used where anchoring to flexible diaphragms;

Sys = spectral response acceleration parameter at short
periods for the selected hazard level and damp-
ing, adjusted for site class; and

W = weight of the wall tributary to the anchor.

Table 2-4. Coefficient X for Calculation of Out-of-

Plane Wall Forces
Structural Flexible Other
Performance Level Diaphragms Diaphragms
Collapse
Prevention 0.9 0.3
Life Safety 1.2 0.4
Immediate
Occupancy 1.8 0.6

"Value of X for flexible diaphragms need not be applied to out-of-
plane strength of walls in Section 2.6.7.2.



EXCEPTION:

1. F, shall not be less than the minimum of 400 Ib/ft
or 400 Sy (Ib/ft) for concrete or masonry walls.

2.6.7.2 Out-of-Plane Strength

Wall components shall have adequate strength to
span between locations of out-of-plane support when
subjected to out-of-plane forces calculated using Eq. 2-6.

F, = XSxs W (Eq. 2-6)

where

F, = out-of-plane force per unit area for design of a
wall spanning between two out-of-plane supports;

X = factor from Table 2-4 for the selected perfor-
mance level. Values of X for flexible
diaphragms need not be applied to out-of-plane
strength of wall components;

Sys = spectral response acceleration at short periods
for the selected hazard level and damping,
adjusted for site class; and

W = weight of the wall per unit area.

C2.6.7.2 Out-of-Plane Strength

Application of these requirements for unrein-
forced masonry walls and infills is further defined in
Chapter 7.

2.6.8 Nonstructural Components

Nonstructural components, including architec-
tural, mechanical, and electrical components, shall be
anchored and braced to the structure in accordance
with the provisions of Chapter 11.

2.6.9 Structures Sharing Common Elements

Buildings sharing common vertical- or lateral-
force-resisting elements shall be rehabilitated consid-
ering interconnection of the two structures, or they
shall be separated as specified in this section.

2.6.9.1 Interconnection

Buildings sharing common elements, other than
foundation elements, shall be thoroughly tied together
so as to behave as an integral unit. Ties between the
structures at each level shall be designed for the forces
specified in Section 2.6.5. Analyses of the combined
response of the buildings shall account for the inter-
connection of the structures and shall evaluate the
structures as one integral unit.

If the shared common elements are foundation
elements and the superstructures meet the separation
requirements of Section 2.6.10, the structures need not
be tied together. Shared foundation elements shall be
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designed considering an analysis of the combined
response of the two buildings.

2.6.9.2 Separation

Buildings sharing common elements shall be
completely separated by introducing seismic joints
between the structures meeting the requirements of
Section 2.6.10. Independent lateral-force-resisting sys-
tems shall be provided for each structure. Independent
vertical support shall be provided on each side of the
seismic joint, unless slide bearings are used and ade-
quate bearing length is provided to accommodate the
expected independent lateral movement of each struc-
ture. It shall be assumed for such purposes that the
structures move out of phase with each other in oppo-
site directions simultaneously. The original shared ele-
ment shall be either completely removed, or anchored
to one of the structures in accordance with the applica-
ble requirements of Section 2.6.5.

2.6.10 Building Separation

2.6.10.1 Minimum Separation

Buildings shall be separated from adjacent struc-
tures to prevent pounding by a minimum distance s, at
any level i given by Eq. 2-7 unless exempted as speci-
fied in Section 2.6.10.2.

s; = VA} + A (Eq. 2-7)

where

A,; = lateral deflection of the building under con-
sideration, at level i, relative to the ground,
calculated in accordance with the provisions
of this standard for the selected hazard level;
and

A,, = lateral deflection of an adjacent building, at
level i, relative to the ground, estimated using
the provisions of this standard or other approved
approximate procedure. Alternatively, it shall
be permitted to assume A, = (0.03)(k;) for
any structure in lieu of a more detailed analy-
sis, where £, is the height of level i above
grade.

The value of s; need not exceed 0.04 times the
height of the level under consideration above grade at
the location of potential impact.

2.6.10.2 Exceptions

For Structural Performance Levels of Life Safety
or lower, buildings adjacent to structures that have
diaphragms located at the same elevation, and differ in
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height by less than 50% of the height of the shorter
building, need not meet the minimum separation dis-
tance specified in Section 2.6.10.1.

Where an approved analysis procedure that
accounts for the change in dynamic response of the
structures due to impact is used, the rehabilitated
buildings need not meet the minimum separation dis-
tance specified in Section 2.6.10.1. Such an analysis
shall demonstrate that:

1. The structures are capable of transferring forces
resulting from impact, for diaphragms located at
the same elevation; or

2. The structures are capable of resisting all required
vertical and lateral forces considering the loss of
any elements or components damaged by impact
of the structures.

C2.6.10.2 Exceptions

This standard permits rehabilitated buildings to
experience pounding as long as the effects are ade-
quately considered by analysis methods that account
for the transfer of momentum and energy between the
structures as they impact.

Approximate methods of accounting for these
effects can be obtained by performing nonlinear time-
history analyses of both structures (Johnson 1992).
Approximate elastic methods for evaluating these
effects have also been developed and are presented in
the literature (Kasai 1990).

Buildings that are likely to experience significant
pounding should not be considered capable of meeting
Enhanced Rehabilitation Objectives. This is because
significant local crushing of components is likely to
occur at points of impact. Furthermore, the very nature
of the impact is such that high-frequency shocks can
be transmitted through the structures and potentially
be very damaging to architectural components and
mechanical and electrical systems. Such damage is
not consistent with the performance expected of
buildings designed to Enhanced Rehabilitation
Objectives.

2.6.11 Vertical Seismic Effects

The effects of the vertical response of a structure
to earthquake ground motion shall be considered for
the following cases:

1. Cantilever components of structures;

2. Prestressed components of structures; and

3. Structural components in which demands due to
gravity loads specified in Section 3.2.8 exceed 80%
of the nominal capacity of the component.
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2.7 CONSTRUCTION QUALITY
ASSURANCE

Construction of seismic rehabilitation work shall be
checked for quality of construction and general com-
pliance with the intent of the plans and specifications
of the rehabilitation design. Construction quality
assurance shall conform to the requirements of this
section and the additional testing and inspection
requirements of the building code and reference stan-
dards of Chapters 5 through 11.

C2.7 CONSTRUCTION QUALITY
ASSURANCE

The design professional responsible for the seismic
rehabilitation of a specific building may find it appro-
priate to specify more stringent or more detailed
requirements. Such additional requirements may be
particularly appropriate for those buildings having
Enhanced Rehabilitation Objectives.

2.7.1 Construction Quality Assurance Plan

A Quality Assurance Plan (QAP) shall be pre-
pared by the design professional and approved by
the authority having jurisdiction. The QAP shall
identify components of the work that are subject to
quality assurance procedures and identify special
inspection, testing, and observation requirements to
confirm construction quality. The QAP shall also
include a process for modifying the rehabilitation
design to reflect unforeseen conditions discovered
during construction.

C2.7.1 Construction Quality Assurance Plan
The quality assurance plan (QAP) should, as a
minimum, include the following:

1. Required contractor quality control procedures;
and

2. Required design professional construction quality
assurance services, including but not limited to the
following:

2.1 Review of required contractor submittals;

2.2 Monitoring of required inspection reports and
test results;

2.3 Construction consultation as required by the
contractor on the intent of the construction
documents; and

2.4 Construction observation in accordance with
Section 2.7.2.1.



2.7.2 Construction Quality Assurance
Requirements

2.7.2.1 Requirements for the Design Professional

The design professional shall be responsible for
preparing the QAP applicable to the portion of the
work for which they are in responsible charge, over-
seeing the implementation of the plan, and reviewing
special inspection and testing reports.

The design professional shall be responsible for
performing periodic structural observation of the reha-
bilitation work. Structural observation shall be per-
formed at significant stages of construction, and shall
include visual observation of the work for substantial
conformance with the construction documents and
confirmation of conditions assumed during design.
Structural observation shall be performed in addition
to any special inspection and testing that is otherwise
required for the work.

The design professional shall be responsible for
modifying the rehabilitation design to reflect condi-
tions discovered during construction.

C2.7.2.1 Requirements for the Design Professional

Following structural observations, the design pro-
fessional should report any observed deficiencies in
writing to the owner’s representative, the special
inspector, the contractor, and the code official. Upon
completion of the work, the design professional should
submit to the authority having jurisdiction a written
statement attesting that the site visits have been made,
and identifying any reported deficiencies that, to the
best of the structural construction observer’s knowl-
edge, have not been resolved or rectified.

2.7.2.2 Special Inspection

The owner shall engage the services of a special
inspector to observe construction of the following
rehabilitation work:

1. Items designated in Section A.9.3.3 of Appendix A
of ASCE 7 (ASCE 2005); and

2. Other work designated for such special inspection
by the design professional or the authority having
jurisdiction.

2.7.2.3 Testing

The special inspector shall be responsible for veri-
fying that special test requirements, as described in the
QAP, are performed by an approved testing agency for
the following rehabilitation work:

1. Work described in Section A.9.3.4 of Appendix A
of ASCE 7 (ASCE 2005);
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2. Other work designated for such testing by the
design professional or the authority having
jurisdiction.

2.7.2.4 Reporting and Compliance Procedures

The special inspector shall furnish copies of
progress reports to the owner’s representative and the
design professional, noting any uncorrected deficien-
cies and corrections of previously reported deficien-
cies. All observed deficiencies shall be brought to the
immediate attention of the contractor for correction.

Upon completion of construction, the special
inspector shall submit a final report to the owner’s rep-
resentative and the design professional, indicating the
extent to which inspected work was completed in
accordance with approved construction documents.
Noncompliant work shall have been corrected prior to
completion of construction.

C2.7.2 Construction Quality Assurance
Requirements

The special inspector should be a qualified person
who should demonstrate competence, to the satisfac-
tion of the authority having jurisdiction, for inspection
of the particular type of construction or operation
requiring special inspection.

2.7.3 Responsibilities of the Authority Having
Jurisdiction

The authority having jurisdiction shall be respon-
sible for reviewing and approving the QAP and speci-
fying minimum special inspection, testing, and report-
ing requirements.

C2.7.3 Responsibilities of the Authority Having
Jurisdiction

The authority having jurisdiction should act to
enhance and encourage the protection of the public
that is represented by such rehabilitation. These
actions should include those described in the following
subsections.

C2.7.3.1 Construction Document Submittals—
Permitting

As part of the permitting process, the authority
having jurisdiction should require that construction
documents be submitted for a permit to construct the
proposed seismic rehabilitation measures. The docu-
ments should include a statement of the design basis
for the rehabilitation, drawings (or adequately detailed
sketches), structural/seismic calculations, and a QAP
as recommended by Section 2.7.1. Appropriate struc-
tural construction specifications are also recommended
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if structural requirements are not adequately defined
by notes on drawings.

The authority having jurisdiction should require
that it be demonstrated (in the design calculations, by
third-party review, or by other means) that the design
of the seismic rehabilitation measures has been per-
formed in conformance with local building regula-
tions, the stated design basis, the intent of this stan-
dard, and/or accepted engineering principles. The
authority having jurisdiction should be aware that
compliance with the building code provisions for new
structures is often not possible and is not required by
this standard. It is not intended that the authority hav-
ing jurisdiction assure compliance of the submittals
with the structural requirements for new construction.

The authority having jurisdiction should maintain
a permanent public file of the construction documents
submitted as part of the permitting process for con-
struction of the seismic rehabilitation measures.

C2.7.3.2 Construction Phase Role

The authority having jurisdiction should monitor
the implementation of the QAP. In particular, the fol-
lowing actions should be taken:

1. Files of inspection reports should be maintained for
a defined length of time following completion of
construction and issuance of a certificate of occu-
pancy. These files should include both reports sub-
mitted by special inspectors employed by the
owner, as in Section 2.7.2.2, and those submitted
by inspectors employed by the authority having
jurisdiction;

2. Prior to issuance of a certificate of occupancy, the
authority having jurisdiction should ascertain that
either all reported noncompliant aspects of con-
struction have been rectified, or such noncompliant
aspects have been accepted by the design profes-
sional in responsible charge as acceptable substi-
tutes that are consistent with the general intent of
the construction documents; and

3. Files of test reports prepared in accordance with
Section 2.7.2.4 should be maintained for a defined
length of time following completion of construction
and issuance of a certificate of occupancy.

2.8 ALTERNATIVE MODELING PARAMETERS
AND ACCEPTANCE CRITERIA
For elements, components, systems, and materials for

which structural modeling parameters and acceptance
criteria are not provided in this standard, it shall be
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permitted to derive the required parameters and
acceptance criteria using the experimentally obtained
cyclic response characteristics of the subassembly,
determined in accordance with this section. Approved
independent review of this process shall be conducted.

2.8.1 Experimental Setup

Where relevant data on the inelastic force-
deformation behavior for a structural subassembly are
not available, such data shall be obtained from experi-
ments consisting of physical tests of representative
subassemblies as specified in this section. Each sub-
assembly shall be an identifiable portion of the struc-
tural element or component, the stiffness of which is
required to be modeled as part of the structural analy-
sis process. The objective of the experiment shall be to
estimate the lateral-force-displacement relationships
(stiffness) for the subassemblies at different loading
increments, together with the strength and deformation
capacities for the desired Structural Performance
Levels. These properties shall be used in developing
an analytical model of the structure to calculate its
response to earthquake ground shaking and other
hazards, and in developing acceptance criteria for
strength and deformations. The limiting strength and
deformation capacities shall be determined from the
experimental program using the average values of a
minimum of three tests performed for the same design
configuration and test conditions.

The experimental setup shall replicate the con-
struction details, support and boundary conditions, and
loading conditions expected in the building. The load-
ing shall consist of fully reversed cyclic loading at
increasing displacement levels with the number of
cycles and displacement levels based on expected
response of the structure to the design earthquake.
Increments shall be continued until the subassembly
exhibits complete failure, characterized by the loss of
lateral- and vertical-load resistance.

2.8.2 Data Reduction and Reporting
A report shall be prepared for each experiment.
The report shall include the following:

1. Description of the subassembly being tested.

2. Description of the experimental setup, including:
2.1. Details on fabrication of the subassembly;
2.2. Location and date of testing;

2.3. Description of instrumentation employed;

2.4. Name of the person in responsible charge of
the test; and

2.5. Photographs of the specimen, taken prior to
testing.



3. Description of the loading protocol employed,

including:

3.1. Increment of loading (or deformation) applied,;

3.2. Rate of loading application; and

3.3. Duration of loading at each stage.

. Description (including photographic documenta-

tion) and limiting deformation value for all impor-

tant behavior states observed during the test,

including the following, as applicable:

4.1. Elastic range with effective stiffness reported;

4.2. Plastic range;

4.3. Onset of visible damage;

4.4. Loss of lateral-force-resisting capacity;

4.5. Loss of vertical-force-resisting capacity;

4.6. Force—deformation plot for the subassembly
(noting the various behavior states); and

4.7. Description of limiting behavior states defined
as the onset of specific damage mode, change
in stiffness or behavior (such as initiation of
cracking or yielding), and failure modes.

2.8.3 Design Parameters and Acceptance Criteria

The following procedure shall be followed to

develop structural modeling parameters and accept-
ance criteria for subassemblies based on experimental
data:

1. An idealized lateral-force—deformation pushover

curve shall be developed from the experimental

data for each experiment and for each direction of

loading with unique behavior. The curve shall be
plotted in a single quadrant (positive force versus
positive deformation, or negative force versus nega-
tive deformation). The curve shall be constructed as
follows:

1.1. The appropriate quadrant of data shall be
taken from the lateral-force—deformation plot
from the experimental report.

1.2. A smooth “backbone” curve shall be drawn
through the intersection of the first cycle curve
for the i-th deformation step with the second
cycle curve of the (i — 1)th deformation step,
for all i steps, as indicated in Fig. 2-4.

1.3. The backbone curve so derived shall be approx-
imated by a series of linear segments, drawn to
form a multisegmented curve conforming to
one of the types indicated in Fig. 2-3.

. The multilinear curves derived for all experiments

involving the subassembly shall be compared and

an average multilinear representation of the sub-

assembly behavior shall be derived based on these
curves. Each segment of the composite curve shall
be assigned the average stiffness (either positive or
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negative) of the similar segments in the multilinear
curves for the various experiments. Each segment
on the composite curve shall terminate at the aver-
age of the deformation levels at which the similar
segments of the multilinear curves for the various
experiments terminate.

. The stiffness of the subassembly for use in linear

procedures shall be taken as the slope of the first
segment of the composite curve. The composite
multilinear force—deformation curve shall be used
for modeling in nonlinear procedures.

. For the purpose of determining acceptance criteria,

subassembly actions shall be classified as being

either force-controlled or deformation-controlled.

Subassembly actions shall be classified as force-

controlled unless any of the following apply:

4.1. The full backbone curve, including strength
degradation and residual strength, is modeled;
the composite multilinear force—deformation
curve for the subassembly, determined in accor-
dance with requirements in paragraph 2 above,
conforms to either Type 1 or Type 2, as indi-
cated in Fig. 2-3; and the deformation parameter
d is at least twice the deformation parameter g.

4.2. Bilinear modeling is performed in accordance
with the simplified NSP procedure of Sec-
tion 3.3.3.2.2; the composite multilinear
force—deformation curve for the subassembly,
determined in accordance with requirements in
paragraph 2 above, conforms to either Type 1
or Type 2, as indicated in Fig. 2-3; and the
deformation parameter e is at least twice the
deformation parameter g.

4.3. Secondary components in which the composite
multilinear force—deformation curve for the
subassembly, determined in accordance with
requirements in paragraph 2 above, conforms
to Type 1, as indicated in Fig. 2-3.

. The strength capacity, Q,, for force-controlled

actions evaluated using either the linear or nonlin-
ear procedures shall be taken as the mean minus
one standard deviation strength Q, determined from
the series of representative subassembly tests.

. The acceptance criteria for deformation-controlled

actions used in nonlinear procedures shall be the

deformations corresponding with the following

points on the curves of Fig. 2-3:

6.1. Immediate Occupancy

6.1.1. The deformation at which permanent,

visible damage occurred in the experi-
ments but not greater than 0.67 times
the deformation limit for Life Safety
specified in 6.2.1.
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6.2. Primary Components
6.2.1. Life Safety: 0.75 times the deformation
at point 2 on the curves; and
6.2.2. Collapse Prevention: The deformation
at point 2 on the curves but not greater
than 0.75 times the deformation at
point 3.
6.3. Secondary Components
6.3.1. Life Safety: 0.75 times the deformation
at point 3; and
6.3.2. Collapse Prevention: 1.0 times the
deformation at point 3 on the
curve.

7. The m-factors used as acceptance criteria for
deformation-controlled actions in linear procedures
shall be determined as follows: (a) obtain the defor-
mation acceptance criteria given in paragraph 6
above; (b) then obtain the ratio of this deformation
to the deformation at yield, represented by the
deformation parameter g in the curves shown in
Fig. 2-3; (c) then multiply this ratio by a factor
0.75 to obtain the acceptable m-factor.

Test Force

C2.8 ALTERNATIVE MATERIALS AND
METHODS OF CONSTRUCTION

This section provides guidance for developing appropri-
ate data to evaluate construction materials and detailing
systems not specifically covered by this standard. This
standard specifies stiffnesses, m-factors, strengths, and
deformation capacities for a wide range of components.
To the extent practical, this standard has been formatted
to provide broad coverage of the various common con-
struction types present in the national inventory of
buildings. However, it is fully anticipated that in the
course of evaluating and rehabilitating existing build-
ings, construction systems and component detailing
practices that are not specifically covered by this stan-
dard will be encountered. Furthermore, it is anticipated
that new methods and materials, not currently in use,
will be developed that may have direct application to
building rehabilitation. This section provides a method
for obtaining the needed design parameters and accept-
ance criteria for elements, components, and construc-
tion details not specifically included in this standard.

Backbone curve

Test Deformation

FIGURE 2-4. Backbone Curve for Experimental Data.
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The approach taken in this section is similar to
that used to derive the basic design parameters and
acceptance criteria contained in this standard for
various components, except that no original experi-
mentation was performed. The required story—force
deformation curves were derived by this standard’s
developers, either directly from research testing avail-
able in the literature or based on the judgment of
engineers knowledgeable about the behavior of the
particular materials and systems.

C2.8.1 Experimental Setup

This standard requires performing a minimum of
three separate tests of each unique subassembly. This
is because there can be considerable variation in the
results of testing performed on “identical” specimens,
just as there is inherent variability in the behavior of
actual components in buildings. The use of multiple
test data allows some of the uncertainty with regard
to actual behavior to be defined.

A specific testing protocol has not been recom-
mended, as selection of a suitable protocol is depen-
dent on the anticipated failure mode of the subassem-
bly as well as the character of excitation it is expected
to experience in the real structure. In one widely used
protocol, the Applied Technology Council’s Guidelines
for Seismic Testing of Components of Steel Structures
(ATC 1992), the specimen is subjected to a series of
quasi-static, fully reversed cyclic displacements that
are incremented from displacement levels correspon-
ding to elastic behavior, to those at which failure of
the specimen occurs. Other protocols that entail fewer
or more cycles of displacement, and more rapid load-
ing rates, have also been employed. In selecting an
appropriate test protocol, it is important that sufficient
increments of loading be selected to characterize
adequately the force-deformation behavior of the sub-
assembly throughout its expected range of perform-
ance. In addition, the total energy dissipated by the
test specimen should be similar to that which the sub-
assembly is anticipated to experience in the real struc-
ture. Tests should always proceed to a failure state, so
that the margin against failure of the subassembly in
service can be judged.

If the structure is likely to be subjected to strong
impulsive ground motions, such as those that are com-
monly experienced within a few kilometers of the fault
rupture, consideration should be given to using a pro-
tocol that includes one or more very large displace-
ments at the initiation of the loading, to simulate the
large initial response induced by impulsive motion.
Alternatively, a single monotonic loading to failure
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may be useful as a performance measure for sub-
assemblies representing components in structures sub-
ject to impulsive motion.

C2.8.2 Data Reduction and Reporting

It is important that data from experimental pro-
grams be reported in a uniform manner so that the
performance of different subassemblies may be com-
pared. The data reporting requirements specified are
the minimum thought to be adequate to allow develop-
ment of the required design parameters and acceptance
criteria for the various Systematic Rehabilitation
Procedures. Some engineers and researchers may
desire additional data from the experimentation pro-
gram to allow calibration of their analytical models
and to permit improved understanding of the probable
behavior of the subassemblies in the real structure.

C2.8.3 Design Parameters and Acceptance Criteria

A multistep procedure for developing design
parameters and acceptance criteria for use with both
the linear and nonlinear procedures is provided. The
basic approach consists of the development of an
approximate story lateral-force-deformation curve for
the subassembly, based on the experimental data.

In developing the representative story lateral-force-
deformation curve from the experimentation, use of the
“backbone” curve is required. This takes into account,
in an approximate manner, the strength and stiffness
deterioration commonly experienced by structural com-
ponents. The backbone curve is defined by points given
by the intersection of an unloading branch and the
loading curve of the next load cycle that goes to a
higher level of displacement, as illustrated in Fig. 2-4.

3.0 ANALYSIS PROCEDURES
3.1 SCOPE

This chapter sets forth requirements for analysis of
buildings using the Systematic Rehabilitation Method.
Section 3.2 specifies general analysis requirements for
the mathematical modeling of buildings including basic
assumptions, consideration of torsion, diaphragm flexi-
bility, P-A effects, soil-structure interaction (SSI), mul-
tidirectional effects, and overturning. Section 3.3
defines four analysis procedures included in this stan-
dard. Section 3.4 defines component acceptance criteria.
Analysis of buildings with seismic isolation or
energy dissipation systems shall comply with the
requirements of Chapter 9. Analysis of buildings using
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the Simplified Rehabilitation Method shall comply
with the requirements of Chapter 10.

C3.1 SCOPE

The relationship of the analysis procedures described
in this chapter with specifications in other chapters of
this standard is as follows.

* Information on Rehabilitation Objectives, including
Earthquake Hazard Levels and target Building
Performance Levels, is provided in Chapter 1.

* The provisions set forth in this chapter are intended
for Systematic Rehabilitation. Provisions for
Simplified Rehabilitation are presented in
Chapter 10.

* Guidelines for selecting an appropriate analysis pro-
cedure are provided in Chapter 2. Chapter 3
describes the loading requirements, mathematical
model, and detailed analytical procedures required
to estimate seismic force and deformation demands
on components of a building. Information on the
calculation of appropriate stiffness and strength
characteristics for components is provided in
Chapters 4 through 9.

* General design requirements are specified in Sec-
tion 2.6 for multidirectional excitation effects, P-A
effects, horizontal torsion, overturning, continuity of
the framing system, diaphragms, walls, nonstructural
components, building separation, structures sharing
common components, and vertical seismic effects.

e Component strength and deformation demands
obtained from analysis using procedures described
in this chapter, based on component acceptance cri-
teria outlined in this chapter, are compared with per-
missible values provided in Chapters 4 through 9 for
the desired performance level.

e Design methods for walls subjected to out-of-plane
seismic forces are addressed in Chapter 2. Analysis
and design methods for nonstructural components
(including mechanical and electrical equipment) are
presented in Chapter 11.

3.2 GENERAL ANALYSIS REQUIREMENTS
An analysis of the building, as specified in Sec-
tion 2.4, shall be conducted in accordance with the
requirements of this section and Section 2.6.

3.2.1 Analysis Procedure Selection

An analysis of the building shall be performed
using the Linear Static Procedure (LSP), the Linear
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Dynamic Procedure (LDP), the Nonlinear Static
Procedure (NSP), or the Nonlinear Dynamic
Procedure (NDP), selected based on the limitations
specified in Section 2.4. Use of alternative rational
analysis procedures as described in Section 2.4.3 shall
also be permitted.

C3.2.1 Analysis Procedure Selection

Four procedures are presented for seismic analysis
of buildings: two linear procedures and two nonlinear
procedures. The two linear procedures are termed the
Linear Static Procedure (LSP) and the Linear Dynamic
Procedure (LDP). The two nonlinear procedures are
termed the Nonlinear Static Procedure (NSP) and the
Nonlinear Dynamic Procedure (NDP).

Either the linear procedures of Sections 3.3.1 and
3.3.2 or the nonlinear procedures of Sections 3.3.3 and
3.3.4 may be used to analyze a building, subject to the
limitations set forth in Section 2.4.

Linear procedures are appropriate where the
expected level of nonlinearity is low. This is measured
by component demand capacity ratios (DCRs) of less
than 2.0.

Static procedures are appropriate where higher
mode effects are not significant. This is generally true
for short, regular buildings. Dynamic procedures are
required for tall buildings and for buildings with tor-
sional irregularities or nonorthogonal systems.

The NSP is acceptable for most buildings, but
should be used in conjunction with the LDP if mass
participation in the first mode is low.

The term “linear” in linear analysis procedures
implies “linearly elastic.” The analysis procedure,
however, may include geometric nonlinearity of grav-
ity loads acting through lateral displacements and
implicit material nonlinearity of concrete and masonry
components using properties of cracked sections. The
term “nonlinear” in nonlinear analysis procedures
implies explicit material nonlinearity or inelastic mate-
rial response, but geometric nonlinearity may also be
included.

3.2.2 Mathematical Modeling

3.2.2.1 Basic Assumptions

A building shall be modeled, analyzed, and evalu-
ated as a three-dimensional assembly of components.
Alternatively, use of a two-dimensional model shall be
permitted if the building meets one of the following
conditions:

1. The building has rigid diaphragms as defined in
Section 3.2.4 and horizontal torsion effects do not
exceed the limits specified in Section 3.2.2.2, or



horizontal torsion effects are accounted for as spec-
ified in Section 3.2.2.2; or

2. The building has flexible diaphragms as defined in
Section 3.2.4.

If two-dimensional models are used, the three-
dimensional nature of components and elements shall
be considered when calculating stiffness and strength
properties.

If the building contains out-of-plane offsets in
vertical lateral-force-resisting elements, the model
shall explicitly account for such offsets in the determi-
nation of diaphragm demands.

Modeling stiffness of structural components shall
be based on the stiffness requirements of Chapters 4
through 8.

For nonlinear procedures, a connection shall be
explicitly modeled if the connection is weaker than or
has less ductility than the connected components or if
the flexibility of the connection results in a change in
the connection forces or deformations of more than
10%.

C3.2.2.1 Basic Assumptions

For two-dimensional models, the three-
dimensional nature of components and elements
should be recognized in calculating their stiffness and
strength properties. For example, shear walls and other
bracing systems may have “L” or “T” or other three-
dimensional cross sections where contributions of both
the flanges and webs should be accounted for in calcu-
lating stiffness and strength properties.

In this standard, component stiffness is generally
taken as the effective stiffness based on the secant
stiffness to yield level forces. Specific direction on cal-
culating effective stiffness is provided in each material
chapter for each type of structural system.

Examples of where connection flexibility may be
important to model include the panel zone of steel
moment-resisting frames and the “joint” region of per-
forated masonry or concrete walls.

3.2.2.2 Horizontal Torsion

The effects of horizontal torsion shall be consid-
ered in accordance with this section. Torsion need not
be considered in buildings with flexible diaphragms as
defined in Section 3.2.4.

3.2.2.2.1 Total Torsional Moment The total horizontal
torsional moment at a story shall be equal to the sum
of the actual torsional moment and the accidental tor-
sional moment calculated as follows:

1. The actual torsional moment at a story shall be cal-
culated by multiplying the seismic story shear force
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by the eccentricity between the center of mass and
the center of rigidity measured perpendicular to the
direction of the applied load. The center of mass
shall be based on all floors above the story under
consideration. The center of rigidity of a story shall
include all vertical seismic elements in the story;
and

2. The accidental torsional moment at a story shall be
calculated as the seismic story shear force multi-
plied by a distance equal to 5% of the horizontal
dimension at the given floor level measured perpen-
dicular to the direction of the applied load.

3.2.2.2.2 Consideration of Torsional Effects Effects of
horizontal torsion shall be considered in accordance
with the following requirements:

1. Increased forces and displacements due to actual
torsion shall be calculated for all buildings;

2. The displacement multiplier, 7, at each floor shall
be calculated as the ratio of the maximum displace-
ment at any point on the floor diaphragm to the
average displacement (3,,,/8,,,). Displacements
shall be calculated for the applied loads;

3. Increased forces and displacements due to acciden-
tal torsion shall be considered unless the accidental
torsional moment is less than 25% of the actual tor-
sional moment, or the displacement multiplier n
due to the applied load and accidental torsion is
less than 1.1 at every floor;

4. For linear analysis procedures, forces and displace-
ments due to accidental torsion shall be amplified
by a factor, A,, as defined by Eq. 3-1, where the
displacement multiplier 1 due to total torsional
moment exceeds 1.2 at any level;

n 2
A=-%) =30
. <1.2>

5. If the displacement modifier ) due to total torsional
moment at any floor exceeds 1.5, two-dimensional
models shall not be permitted and three-
dimensional models that account for the spatial
distribution of mass and stiffness shall be used;

6. Where two-dimensional models are used, the effects
of horizontal torsion shall be calculated as follows:
6.1. For the LSP and the LDP, forces and displace-

ments shall be amplified by the maximum
value of m calculated for the building;

6.2. For the NSP, the target displacement shall be
amplified by the maximum value of 1 calcu-
lated for the building;

6.3. For the NDP, the amplitude of the ground
acceleration record shall be amplified by the

(Eq. 3-1)
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maximum value of 7 calculated for the build-
ing; and
7. The effects of accidental torsion shall not be used
to reduce force and deformation demands on
components.

C3.2.2.2 Horizontal Torsion

Actual torsion is due to the eccentricity between
the centers of mass and stiffness. Accidental torsion is
intended to cover the effects of the rotational compo-
nent of the ground motion, differences between
computed and actual stiffness, and unfavorable distri-
butions of dead and live load masses.

The 10% threshold on additional displacement
due to accidental torsion is based on judgment. The
intent is to reward those building frames that are tor-
sionally redundant and possess high torsional stiffness.
Such structures are likely to be much less susceptible
to torsional response than those framing systems
possessing low redundancy and low torsional
stiffness.

3.2.2.3 Primary and Secondary Components

Components shall be classified as primary or sec-
ondary as defined in Section 2.4.4.2. Primary compo-
nents shall be evaluated for earthquake-induced forces
and deformations in combination with gravity load
effects. Secondary components shall be evaluated for
earthquake-induced deformations in combination with
gravity load effects.

Mathematical models for use with linear analysis
procedures shall include the stiffness and resistance of
only the primary components. If the total lateral stiff-
ness of secondary components in a building exceeds
25% of the total initial stiffness of primary compo-
nents, some secondary components shall be reclassified
as primary to reduce the total stiffness of secondary
components to less than 25% of primary. If the inclu-
sion of a secondary component will increase the force
or deformation demands on a primary component, the
secondary component shall be reclassified as primary
and included in the model.

Mathematical models for use with nonlinear pro-
cedures shall include the stiffness and resistance of
primary and secondary components. The strength and
stiffness degradation of primary and secondary com-
ponents shall be modeled explicitly. For the simplified
NSP of Section 3.3.3.2.2, only primary components
shall be included in the model and degradation shall
not be modeled.

Nonstructural components shall be classified as
structural components and shall be included in mathe-
matical models if their lateral stiffness exceeds 10% of
the total initial lateral stiffness of a story.
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Components shall not be selectively designated
primary or secondary to change the configuration of a
building from irregular to regular.

C3.2.2.3 Primary and Secondary Components

Due to limitations inherent in each analysis
method, the manner in which primary and secondary
components are handled differs for linear and nonlin-
ear procedures. Since strength and stiffness degrada-
tion of secondary components is likely, their resistance
is unreliable. Linear procedures cannot account for
this degradation, so only primary components are
included in linear analysis models. This is conservative
in linear analyses because it will result in the highest
demands placed on the primary components that
remain. Secondary components, however, must still be
checked against the acceptance criteria given in
Chapters 5 through 8.

In nonlinear procedures, strength and stiffness
degradation can be modeled. Since degradation of the
overall system can increase displacement demands,
inclusion of both primary and secondary components
is conservative in nonlinear analyses.

For linear procedures, this standard limits the
amount of lateral resistance that can be provided by
secondary components. The main reason for this limi-
tation is to minimize the potential for sudden loss of
lateral-force-resisting components to produce irregular
structural response that is difficult to detect. The con-
tribution of secondary components can be checked by
temporarily including them in the analysis model and
examining the change in response.

3.2.2.4 Stiffness and Strength Assumptions

Stiffness and strength properties of components
shall be determined in accordance with the require-
ments of Chapters 4 through 9, and 11.

3.2.2.5 Foundation Modeling

The foundation system shall be modeled consider-
ing the degree of fixity provided at the base of the
structure. Rigid or flexible base assumptions shall be
permitted in accordance with the requirements for
soil-structure interaction in Section 3.2.6 and founda-
tion acceptability in Section 4.4.3. Foundation model-
ing shall consider movement due to geologic site
hazards specified in Section 4.2.2, and load-deformation
characteristics specified in Section 4.4.2.

(C3.2.2.5 Foundation Modeling

Methods for modeling foundations and estimation
of ground movements due to seismic geologic site
hazards are referenced in Chapter 4, and may require
the expertise of a geotechnical engineer or a geologist.



The decision to model foundation flexibility must
consider impacts on the behavior of structural compo-
nents in the building. Rigid base models for concrete
shear walls on independent spread footings may maxi-
mize deformation demands on the walls themselves,
but could underestimate the demands on other second-
ary components in the building, such as beams and
columns in moment frames, which may be sensitive to
additional building movement.

3.2.3 Configuration

Building irregularities defined in Section 2.4.1.1
shall be based on the plan and vertical configuration of
the rehabilitated structure. Irregularity shall be deter-
mined, both with and without the contribution of sec-
ondary components.

C3.2.3 Configuration

One objective of seismic rehabilitation should be
the improvement of the regularity of a building through
the judicious placement of new framing elements.

Adding seismic framing elements at certain loca-
tions will improve the regularity of the building and
should be considered as a means to improve seismic
performance of the building.

Secondary components can lose significant
strength and stiffness after initial earthquake shaking
and may no longer be effective. Therefore, regularity
of the building should be determined both with and
without the contribution of secondary components.

3.2.4 Diaphragms

3.2.4.1 General
Diaphragms shall be classified as flexible, stiff, or
rigid in accordance with Section 3.2.4.2.

3.2.4.2 Classification of Diaphragms

Diaphragms shall be classified as flexible where
the maximum horizontal deformation of the diaphragm
along its length is more than twice the average story
drift of the vertical lateral-force-resisting elements of
the story immediately below the diaphragm.

Diaphragms shall be classified as rigid where the
maximum lateral deformation of the diaphragm is less
than half the average story drift of the vertical lateral-
force-resisting elements of the associated story.

Diaphragms that are neither flexible nor rigid
shall be classified as stiff.

For the purpose of classifying diaphragms, story
drift and diaphragm deformations shall be calculated
using the pseudo-lateral force specified in Eq. 3-10.
The in-plane deflection of the diaphragm shall be cal-
culated for an in-plane distribution of lateral force
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consistent with the distribution of mass, and all in-
plane lateral forces associated with offsets in the verti-
cal seismic framing at that diaphragm level.

3.2.4.3 Mathematical Modeling

Mathematical modeling of buildings with rigid
diaphragms shall account for the effects of horizontal
torsion as specified in Section 3.2.2.2. Mathematical
models of buildings with stiff or flexible diaphragms
shall account for the effects of diaphragm flexibility
by modeling the diaphragm as an element with in-
plane stiffness consistent with the structural character-
istics of the diaphragm system. Alternatively, for
buildings with flexible diaphragms at each floor level,
each lateral-force-resisting element in a vertical plane
shall be permitted to be designed independently, with
seismic masses assigned on the basis of tributary area.

C3.2.4 Diaphragms

Evaluation of diaphragm demands should be based
on the likely distribution of horizontal inertial forces.
For flexible diaphragms, such a distribution may be
given by Eq. C3-1 and is illustrated in Fig. C3-1.

1.5F, 2x Y
= —_— 1 — —
i L, [ (Ld> ]

[, = inertial load per foot;

F,= total inertial load on a flexible diaphragm;

x = distance from the center line of flexible
diaphragm; and

L,= distance between lateral support points for
diaphragm.

(Eq. C3-1)

where

Applied force

Shear force

T

Lda

OrR-003 FPS

FIGURE C3-1. Plausible Force Distribution in a
Flexible Diaphragm.
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3.2.5 P-A Effects

P-A effects shall be included in linear and nonlin-
ear analysis procedures.

For nonlinear procedures, static P-A effects shall
be incorporated in the analysis by including in the
mathematical model the nonlinear force—deformation
relationship of all components subjected to axial
forces.

C3.2.5 P-A Effects

Static P-A effects are caused by gravity loads act-
ing through the deformed configuration of a building
and result in an increase in lateral displacements.

Dynamic P-A effects are caused by a negative
post-yield stiffness that increases story drift and the
target displacement. The degree by which dynamic
P-A effects increase displacements depends on the
following:

1. The ratio of the negative post-yield stiffness to the
effective elastic stiffness;

2. The fundamental period of the building;

3. The strength ratio, R;

4. The hysteretic load—deformation relations for each
story;

5. The frequency characteristics of the ground motion;
and

6. The duration of the strong ground motion.

Because of the number of parameters involved, it
is difficult to capture dynamic P-A effects in linear and
nonlinear static analysis procedures. For the NSP,
dynamic instability is measured by the strength ratio,
R. For the NDP, dynamic P-A effects are captured
explicitly in the analysis.

3.2.6 Soil-Structure Interaction

The effects of soil-structure interaction (SSI)
shall be evaluated for those buildings in which an
increase in fundamental period due to SSI effects
will result in an increase in spectral accelerations.

For other buildings, the effects of SSI need not be
evaluated.

SSI effects shall be calculated using the explicit
modeling procedure, or other approved rational proce-
dure. Where the LSP is used, the simplified procedure
shall be permitted.

C3.2.6 Soil-Structure Interaction
Interaction between the structure and the support-
ing soil consists of the following:

» Foundation flexibility—introduction of flexibility at
the foundation—soil interface;
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 Kinematic effects—filtering of the ground motions
transmitted to the structure based on the geometry
and properties of the foundation;

» Foundation damping effects—dissipation of energy
through radiation and hysteretic soil damping.

Foundation flexibility is covered in Section 4.4.
Consideration of soil-structure interaction (SSI)
effects caused by kinematic interaction or foundation
damping, which serve to reduce the shaking input to
the structure relative to the free-field motion, is cov-
ered in Section 4.5.

SSI may modify the seismic demands on a build-
ing. It can reduce spectral accelerations and lateral
forces, but can increase lateral displacements and sec-
ondary forces due to P-A effects. Reductions in seis-
mic demand due to explicit modeling of foundation
flexibility, foundation damping, or kinematic effects
can be significant, and should be used where applica-
ble. Where SSI effects are not required to be evalu-
ated, use of all three effects alone or in combination is
permitted.

For those rare cases (such as near-field and soft
soil sites) in which the increase in period due to SSI
increases spectral accelerations, the effects of SSI
on building response must be evaluated. Further dis-
cussion of SSI effects can be found in FEMA 440
(FEMA 2005).

3.2.6.1 Simplified Procedure

Calculation of SSI effects using the simplified
procedure shall comply with the procedure in ASCE 7
(ASCE 2005) utilizing the effective fundamental
period and effective fundamental damping ratio of the
foundation—structure system. Combination of these
effects with kinematic interaction effects calculated in
accordance with Section 4.5.1 shall be permitted.

3.2.6.2 Explicit Modeling Procedure

Calculation of SSI effects using the explicit mod-
eling procedure shall be based on a mathematical
model that includes the flexibility and damping of
individual foundation elements. Foundation stiffness
parameters shall comply with the requirements of
Section 4.4.2. Damping ratios for individual founda-
tion elements shall not exceed the value used for the
elastic superstructure. In lieu of explicitly modeling
damping, use of the effective damping ratio of the
structure—foundation system, f3,, calculated in accor-
dance with Section 4.5.2, shall be permitted.

For the NSP, the effective damping ratio of the
foundation—structure system, (3, calculated in accor-
dance with Section 4.5.2, shall be used to modify
spectral demands.



Combination of damping effects with kinematic
interaction effects calculated in accordance with
Section 4.5.1 shall be permitted.

3.2.7 Multidirectional Seismic Effects

Buildings shall be designed for seismic motion in
any horizontal direction. Multidirectional seismic
effects shall be considered to act concurrently as spec-
ified in Section 3.2.7.1 for buildings meeting the fol-
lowing criteria:

1. The building has plan irregularities as defined in
Section 2.4.1.1; or

2. The building has one or more primary columns
which form a part of two or more intersecting
frame or braced frame elements.

All other buildings shall be permitted to be
designed for seismic motions acting nonconcurrently
in the direction of each principal axis of the building.

3.2.7.1 Concurrent Seismic Effects

Where concurrent multidirectional seismic effects
must be considered, horizontally oriented, orthogonal
x- and y-axes shall be established. Components of
the building shall be designed for combinations of
forces and deformations from separate analyses per-
formed for ground motions in X and Y directions as
follows:

1. Where the LSP or LDP is used as the basis for
design, elements and components shall be designed
for (a) forces and deformations associated with
100% of the design forces in the X direction plus
the forces and deformations associated with 30%
of the design forces in the Y direction; and for
(b) forces and deformations associated with 100%
of the design forces in the Y direction plus the
forces and deformations associated with 30% of the
design forces in the X direction. Other combination
rules shall be permitted where verified by experi-
ment or analysis; and

2. Where the NSP or NDP is used as the basis for
design, elements and components of the building
shall be designed for (a) forces and deformations
associated with 100% of the design displacement in
the X direction only, plus the forces (not deforma-
tions) associated with 30% of the design displace-
ments in the Y direction only; and for (b) forces
and deformations associated with 100% of the
design displacements in the Y direction only, plus
the forces (not deformations) associated with 30%
of the design displacements in the X direction only.
Design displacements shall be determined in accor-
dance with Section 3.3.3 for NSP and Section 3.3.4
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for NDP. Other combination rules shall be permit-
ted where verified by experiment or analysis.

3.2.7.2 Vertical Seismic Effects

For components in which Section 2.6.11 requires
consideration of vertical seismic effects, the vertical
response of a structure to earthquake ground motion
need not be combined with the effects of the horizon-
tal response.

3.2.8 Component Gravity Loads for Load
Combinations

The following actions due to gravity loads, Qg,
shall be considered for combination with actions due
to seismic loads.

Where the effects or actions of gravity and seismic
loads are additive, the action due to design gravity
loads, Qg shall be obtained in accordance with Eq. 3-2:

Qs =1.1(Qp+ O+ Qy (Eq. 3-2)

where

Q) = action due to design dead loads;

Q, = action due to design live load, equal to 25% of
the unreduced design live load, but not less than
the actual live load; and

Qg = action due to effective snow load contribution.

Where the effects or actions of gravity and seis-
mic loads are counteracting, the action due to design
gravity loads, Q shall be obtained in accordance with
Eq. 3-3:

0; =090, (Eq. 3-3)

where

O, = action due to design dead loads.

Where the design flat roof snow load calculated
in accordance with ASCE 7 (ASCE 2005) exceeds
30 psf, the effective snow load shall be taken as 20%
of the design snow load. Where the design flat roof
snow load is less than 30 psf, the effective snow load
shall be permitted to be zero.

C3.2.8 Component Gravity Loads for Load
Combinations

Evaluation of components for gravity and wind
forces, in the absence of earthquake forces, is beyond
the scope of this document.

3.2.9 Verification of Design Assumptions

Each component shall be evaluated to verify that
locations of inelastic deformations assumed in the
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analysis are consistent with strength and equilibrium
requirements along the component length. Each com-
ponent shall also be evaluated for postearthquake
residual gravity load capacity by a rational analysis
procedure approved by the authority having jurisdic-
tion that accounts for potential redistribution of gravity
loads and reduction of strength or stiffness caused by
earthquake damage to the structure.

C3.2.9 Verification of Design Assumptions

It is important that assumptions about locations of
potential inelastic activity in the structure are verified.
In linear procedures, the potential for inelastic flexural
action is restricted to the beam ends because flexural
yielding along the span length can lead to unconserva-
tive results. In nonlinear procedures, potential inelastic
activity should occur only where specifically modeled.
Where demands due to gravity load combinations of
Section 3.2.8 exceed 50% of the capacity of the com-
ponent at any location along its length, the potential
for inelastic activity exists and should be investigated.
Sample procedures for verifying design assumptions
are contained in Section C3.2.9 of FEMA 274 (FEMA
1997).

3.2.10 Overturning

Structures shall be designed to resist overturning
effects caused by seismic forces. Each vertical-force-
resisting element receiving earthquake forces due to
overturning shall be investigated for the cumulative
effects of seismic forces applied at and above the level
under consideration. The effects of overturning shall
be evaluated at each level of the structure as specified
in Section 3.2.10.1 for linear procedures, or Section
3.2.10.2 for nonlinear procedures. The effects of over-
turning on foundations and geotechnical components
shall be considered in the evaluation of foundation
strength and stiffness as specified in Chapter 4.

C3.2.10 Overturning

Response to earthquake ground motion results in
a tendency for structures and individual vertical ele-
ments of structures to overturn about their bases.
Although actual overturning failure is very rare, over-
turning effects can result in significant stresses, as
demonstrated in some local and global failures. In new
building design, earthquake effects, including over-
turning, are evaluated for lateral forces that are signifi-
cantly reduced (by an R-factor) from those that may
actually develop in the structure.

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

Some elements, such as wood shear walls and
foundations, may not be designed with positive attach-
ment between levels. An overturning stability check is
typically performed for such elements when designed
using codes for new buildings. If the element has suffi-
cient dead load to remain stable under the overturning
effects of the design lateral forces and has sufficient
shear connection to the level below, then the design is
deemed adequate. However, if dead load is inadequate
to provide stability, then tie-downs, piles, or other
types of uplift anchors are provided to resist the resid-
ual overturning caused by the design forces.

In the linear and nonlinear procedures of this stan-
dard, lateral forces are not reduced by an R-factor, as
they are for new buildings, so computed overturning
effects are larger than typically calculated for new
buildings. Although the procedure used for new build-
ings is not completely rational, it has resulted in
successful performance. Therefore, it may not be
appropriate to require that structures and elements
of structures remain stable for the pseudo-lateral
forces used in the linear procedures in this standard.
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 attach-
ment will be used, then the overturning effect at this
attachment is treated just as any other component
action.

However, if dead loads alone are used to resist
overturning, then overturning is treated as a force-
controlled behavior. The real overturning demands can
be estimated by considering the overall limiting
strength of the component.

There is no simple rational method available,
shown to be consistent with observed behavior, to
design or evaluate elements for overturning effects.
The method described in this standard is rational but
inconsistent with procedures used for new buildings.
To improve damage control, the full lateral forces used
in the linear procedures of this standard are required
for checking acceptability for performance levels
higher than life safety.

Additional studies are needed on the parameters
that control overturning in seismic rehabilitation.
Information regarding consideration of rocking behav-
ior can be found in Commentary Section C4.4.2.



3.2.10.1 Linear Procedures

Where linear procedures are used, overturning
effects shall be resisted through the stabilizing effect
of dead loads acting alone or in combination with
positive connection of structural components to com-
ponents below the level under consideration.

Where dead loads alone are used to resist the
effects of overturning, Eq. 3-4 shall be satisfied:

Mg > MOT/(CICZJ) (Eq. 3-4)

where

M, = total overturning moment induced on the
element by seismic forces applied at and
above the level under consideration.
Overturning moment shall be determined
based on design seismic forces calculated
in accordance with Section 3.3.1 for LSP
and 3.3.2 for LDP;

M, = stabilizing moment produced by dead
loads acting on the element;

C, and C, = coefficients defined in Section 3.3.1.3;
and
J = coefficient defined in Section 3.4.2.1.2.

The quantity M,,;/(C,C,J) need not exceed the
overturning moment on the element, as limited by the
expected strength of the structure. The element shall
be evaluated for the effects of increased compression
at the end about which it is being overturned. For this
purpose, compression at the end of the element shall
be considered a force-controlled action.

Alternatively, the load combination represented
by Eq. 3-5 shall be permitted for evaluating the ade-
quacy of dead loads alone to resist the effects of over-
turning.

0.9M g > M1/ (C,CR o) (Eq. 3-5)

where

R,r= 10.0 for Collapse Prevention;
= 8.0 for Life Safety; and
= 4.0 for Immediate Occupancy.

Where Eq. 3-4 or 3-5 for dead load stability
against the effects of overturning is not satisfied, posi-
tive attachment between elements of the structure at
and immediately above and below the level under con-
sideration shall be provided. If the level under consid-
eration is the base of the structure, positive attachment
shall be provided between the structure and the sup-
porting soil, unless nonlinear procedures are used to
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rationalize overturning stability. Positive attachments
shall be capable of resisting earthquake forces in com-
bination with gravity loads as force- or deformation-
controlled actions in accordance with Eq. 3-16 or
3-17 and applicable acceptance criteria of Eq. 3-18

or 3-19.

C3.2.10.1 Linear Procedures

For evaluating the adequacy of dead loads to pro-
vide stability against overturning, the alternative pro-
cedure of Section 3.2.10.1 is intended to provide a
method that is consistent with prevailing practice spec-
ified in current codes for new buildings.

3.2.10.2 Nonlinear Procedures

Where nonlinear procedures are used, the effects
of earthquake-induced uplift on the tension side of an
element, or rocking, shall be included in the analytical
model as a nonlinear degree of freedom. The adequacy
of elements above and below the level at which uplift
or rocking occurs, including the foundations, shall be
evaluated for any redistribution of forces or deforma-
tions that occurs as a result of this rocking.

3.3 ANALYSIS PROCEDURES

Selection of an appropriate analysis procedure shall
comply with Section 3.2.1.

3.3.1 Linear Static Procedure

3.3.1.1 Basis of the Procedure

If the LSP is selected for seismic analysis of the
building, the design seismic forces, their distribution
over the height of the building, and the corresponding
internal forces and system displacements shall be
determined using a linearly elastic, static analysis in
accordance with this section.

Buildings shall be modeled with linearly elastic
stiffness and equivalent viscous damping values con-
sistent with components responding at or near yield
level, as defined in Section 2.4.4. The pseudo-lateral
force defined in Section 3.3.1.3 shall be used to calcu-
late internal forces and system displacements due to
the design earthquake.

Results of the LSP shall be checked using the
acceptance criteria of Section 3.4.2.

(C3.3.1.1 Basis of the Procedure

The magnitude of the pseudo-lateral force has
been selected with the intention that, when applied to
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the linearly elastic model of the building, it will result
in design displacement amplitudes approximating
maximum displacements expected during the design
earthquake. The procedure is keyed to the displace-
ment response of the building because displacements
are a better indicator of damage in the nonlinear range
of building response than are forces. In this range, rel-
atively small changes in force demand correspond to
large changes in displacement demand. If the building
responds essentially elastically to the design earth-
quake, 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 commonly will be the case, the
actual internal forces that would develop in the build-
ing will be less than the internal forces calculated
using a pseudo-lateral force.

Calculated internal forces typically will exceed
those that the building can develop because of
anticipated inelastic response of components. These
design forces are evaluated through the acceptance
criteria of Section 3.4.2, which include modifica-
tion factors and alternative analysis procedures to
account for anticipated inelastic response demands
and capacities.

3.3.1.2 Period Determination

The fundamental period of a building shall be cal-
culated for the direction under consideration using one
of the following analytical, empirical, or approximate
methods specified in this section.

3.3.1.2.1 Method 1—Analytical Eigenvalue (dynamic)
analysis of the mathematical model of the building
shall be performed to determine the fundamental
period of the building.

3.3.1.2.2 Method 2—FEmpirical The fundamental
period of the building shall be determined in accor-
dance with Eq. 3-6:

T=C,hP (Eq. 3-6)

where

T = fundamental period (in sec) in the direction
under consideration;
C, = 0.035 for steel moment-resisting frame systems;
= 0.018 for concrete moment-resisting frame
systems;
= (.030 for steel eccentrically-braced frame
systems;
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= 0.020 for wood buildings (Types 1 and 2 in
Table 10-2, Chapter 10);
= 0.020 for all other framing systems;
h, = height (in ft) above the base to the roof level,
and
B = 0.80 for steel moment-resisting frame
systems;
= 0.90 for concrete moment-resisting frame
systems;
= 0.75 for all other framing systems.

3.3.1.2.3 Method 3—Approximate

1. For any building, use of Rayleigh’s method to
approximate the fundamental period shall be per-
mitted.

2. For one-story buildings with single-span flexible
diaphragms, use of Eq. 3-7 to approximate the fun-
damental period shall be permitted.

T = (0.1A, + 0.078A,)" (Eq. 3-7)
where A, and A, are in-plane wall and diaphragm
displacements in inches, due to a lateral load in the
direction under consideration, equal to the weight
of the diaphragm.

3. For one-story buildings with multiple-span
diaphragms, use of Eq. 3-7 shall be permitted as
follows: a lateral load equal to the weight tributary
to the diaphragm span under consideration shall be
applied to calculate a separate period for each
diaphragm span. The period that maximizes the
pseudo-lateral force shall be used for design of all
walls and diaphragm spans in the building.

4. For unreinforced masonry buildings with single-
span flexible diaphragms, six stories or less in
height, use of Eq. 3-8 to approximate the funda-
mental period shall be permitted.

T = (0.078A)" (Eq. 3-8)
where A, is the maximum in-plane diaphragm dis-
placement in inches, due to a lateral load in the

direction under consideration, equal to the weight
tributary to the diaphragm.

C3.3.1.2 Period Determination

C3.3.1.2.1 Method 1—Analytical For many buildings,
including multistory buildings with well-defined fram-
ing systems, the preferred approach to obtaining the



period for design is Method 1. By this method, the
building is modeled using the modeling procedures of
Chapters 4 through 8 and 11, and the period is
obtained by Eigenvalue analysis. Flexible diaphragms
may be modeled as a series of lumped masses and
diaphragm finite elements.

Contrary to procedures in codes for new build-
ings, there is no maximum limit on period calculated
using Method 1. This omission is intended to
encourage the use of more advanced analyses. It is
felt that sufficient controls on analyses and accept-
ance criteria are present within this standard to pro-
vide appropriately conservative results using calcu-
lated periods.

C3.3.1.2.2 Method 2—Empirical Empirical equations
for period, such as that used in Method 2, intentionally
underestimate the actual period and will generally
result in conservative estimates of pseudo-lateral force.
Studies have shown that depending on actual mass or
stiffness distributions in a building, the results of
Method 2 may differ significantly from those of
Method 1. The C, values specified for Method 2 are
generally consistent with FEMA 302 (FEMA 1997) but
have been modified based on recent published research
on measured building response to earthquakes.

C3.3.1.2.3 Method 3—Approximate Rayleigh’s method
for approximating the fundamental period of vibration
of a building is presented in Eq. C3-2. The equation
uses the shape function given by the static deflections
of each floor due to the applied lateral forces.

(Eq. C3-2)

where

w; = portion of the effective seismic weight located
on or assigned to floor level i;

6, = displacement at floor i due to lateral load F';

F, = lateral load applied at floor level i; and

n = total number of stories in the vertical seismic
framing.

Equations 3-7 and 3-8 of Method 3 are appropri-
ate for systems with rigid vertical elements and flexi-
ble diaphragms in which the dynamic response of the
system is concentrated in the diaphragm. Use of
Method 2 on these systems to calculate the period
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FIGURE C3-2. Diaphragm and Wall Displacement
Terminology.

based on the stiffness of the vertical elements will sub-
stantially underestimate the period of actual dynamic
response and overestimate the pseudo-lateral force.

Equation 3-8 is a special case developed specifi-
cally for unreinforced masonry (URM) buildings. In
this method, wall deformations are assumed negligible
compared to diaphragm deflections.

For illustration of wall and diaphragm displace-
ments, see Fig. C3-2. Where calculating diaphragm
displacements for the purpose of estimating period
using Eq. 3-7 or 3-8, the diaphragm shall be consid-
ered to remain elastic under the prescribed lateral
loads.

3.3.1.3 Determination of Forces and Deformations

Forces and deformations in elements and compo-
nents shall be calculated for the pseudo-lateral force of
Section 3.3.1.3.1, using component stiffnesses calcu-
lated in accordance with Chapters 4 through 8.
Pseudo-lateral forces shall be distributed throughout
the building in accordance with Sections 3.3.1.3.2
through 3.3.1.3.4. Alternatively, for unreinforced
masonry buildings in which the fundamental period is
calculated using Eq. 3-8, pseudo-lateral forces shall be
permitted to be distributed in accordance with Section
3.3.1.3.5. Actions and deformations shall be modified
to consider the effects of horizontal torsion in accor-
dance with Section 3.2.2.2.

3.3.1.3.1 Pseudo-Lateral Force The pseudo-lateral
force in a given horizontal direction of a building shall
be determined using Eq. 3-9. This load shall be used
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to design the vertical elements of the lateral-force-
resisting system.

V=CC,C,SW (Eq. 3-9)

where

V = pseudo-lateral force;

C, = modification factor to relate expected maximum
inelastic displacements to displacements calcu-
lated for linear elastic response. For periods less
than 0.2 sec, C, need not be taken greater than
the value at 7= 0.2 sec. For periods greater than
1.0 sec, C, = 1.0.

R -1
aT?

C, =1+

where

a = site class factor;
= 130 site Class A, B;
= 90 site Class C;
= 60 site Class D, E, F;

R = strength ratio calculated in accordance with
Eq. 3-15 with the elastic base shear capacity
substituted for shear yield strength, V;

T = fundamental period of the building in the
direction under consideration, calculated in
accordance with Section 3.3.1.2, including
modification for SSI effects of Section 3.2.6,
if applicable;

C, = modification factor to represent the effect of
pinched hysteresis shape, cyclic stiffness degra-
dation, and strength deterioration on maximum
displacement response. For periods greater than
0.7 sec, C,=1.0.

o4 L (R=1LY
g 800 T

C,, = effective mass factor to account for higher
mode mass participation effects obtained

from Table 3-1. C,, shall be taken as 1.0 if
the fundamental period, 7, is greater than
1.0 sec;

S, = response spectrum acceleration, at the fundamen-
tal period and damping ratio of the building in
the direction under consideration. The value of S,
shall be obtained from the procedure specified in
Section 1.6; and

W = effective seismic weight of the building including
the total dead load and applicable portions of
other gravity loads listed below:

1. In areas used for storage, a minimum 25% of
the floor live load shall be applicable. The
live load shall be permitted to be reduced for
tributary area as approved by the authority
having jurisdiction. Floor live load in public
garages and open parking structures is not
applicable.

2. Where an allowance for partition load is
included in the floor load design, the actual
partition weight or a minimum weight of
10 psf of floor area, whichever is greater,
shall be applicable.

3. Total operating weight of permanent
equipment.

4. Where the design flat roof snow load calcu-
lated in accordance with ASCE 7 exceeds
30 psf, the effective snow load shall be taken
as 20% of the design snow load. Where the
design flat roof snow load is less than 30 psf,
the effective snow load shall be permitted to
be zero.

C3.3.1.3.1 Pseudo-Lateral Force Coefficient C;. This
modification factor is to account for the difference in
maximum elastic and inelastic displacement ampli-
tudes in structures with relatively stable and full hys-
teretic loops. The values of the coefficient are based
on analytical and experimental investigations of the
earthquake response of yielding structures. The quan-
tity, R, is the ratio of the required elastic strength to

Table 3-1. Values for Effective Mass Factor C,,!

Concrete Steel Steel Steel
No. of Moment Concrete Concrete Moment Concentric Eccentric
Stories Frame Shear Wall Pier-Spandrel Frame Braced Frame Braced Frame Other
1-2 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3 or more 0.9 0.8 0.8 0.9 0.9 0.9 1.0

1C,, shall be taken as 1.0 if the fundamental period, 7, is greater than 1.0 sec.
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the yielding strength of the structure. For linear analy-
ses, R may be determined using:

DCR,,,
R=—2=¢,
1.5

= 1.0
where DCR,,,, is the largest DCR computed for any
primary component, taking C, = C, = C,, = 1.0.

The expression above is obtained by substituting
Eq. 3-9 into Eq. 3-15 and assuming that the elastic
base shear capacity (fully yielded strength, V) is
mobilized at a shear that is 1.5 times the shear at first
yield (as indicated by the largest primary component
DCR). The latter assumption is based on representative
values for system overstrength. As is indicated in
Fig. C4.2-1 of FEMA 450 (FEMA 2004), the factor
relating design force level to fully yielded strength is
0. Sources of overstrength are design ¢ factors,
expected material properties in excess of nominal
material properties, and global system response. As
this standard prescribes use of ¢ = 1 and expected
material properties, the only additional source of over-
strength is global system response. Using representa-
tive values for these contributions to overstrength
02, = 2.5, ¢ = 0.75, and expected/nominal = 1.25),
the factor relating shear at first yield to elastic base
shear capacity is 1.5. Additional commentary regard-
ing this coefficient is provided in C.3.3.3.3.2.

Coefficient C,. This coefficient adjusts design val-
ues based on component hysteresis characteristics,
cyclic stiffness degradation, and strength deterioration.
For buildings with systems that do not exhibit degra-
dation of stiffness and/or strength, the C, coefficient
can be assumed to be 1.0. This would include build-
ings with modern concrete or steel special moment-
resisting frames, steel eccentrically braced frames, and
buckling-restrained braced frames as either the origi-
nal system or the system added during seismic rehabil-
itation. See Section C3.3.3.3.2 and FEMA 274 (FEMA
1997) for additional discussion.

Coefficient, C,,. The effective mass factor was
developed to reduce the conservatism of the LSP for
buildings where higher mode mass participation
reduces lateral forces up to 20% depending on build-
ing type. See FEMA 357 (FEMA 2000), Appendix E
for more information on the development of C,,.

3.3.1.3.2 Vertical Distribution of Seismic Forces The
vertical distribution of the pseudo-lateral force shall be
as specified in this section for all buildings except
unreinforced masonry buildings, for which the pseudo-
lateral force shall be permitted to be distributed in
accordance with Section 3.3.1.3.5. The lateral load F,
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applied at any floor level x shall be determined in
accordance with Eqgs. 3-10 and 3-11:

F,=C,V (Eq. 3-10)
w. i
C, =— (Eq. 3-11)

n
Zwihf‘(
i=1

where

C,, = vertical distribution factor;
k=20forT = 2.5 sec;
= 1.0 for T = 0.5 sec (linear interpolation shall be
used to calculate values of k for intermediate
values of 7);
V = pseudo-lateral force from Eq. 3-9;
w; = portion of the effective seismic weight W
located on or assigned to floor level i;
w, = portion of the effective seismic weight W
located on or assigned to floor level x;
h; = height (in ft) from the base to floor level i; and
h, = height (in ft) from the base to floor level x.

3.3.1.3.3 Horizontal Distribution of Seismic Forces
The seismic forces at each floor level of the building
calculated using Eq. 3-10 shall be distributed accord-
ing to the distribution of mass at that floor level.

3.3.1.3.4 Diaphragms Diaphragms shall be designed
to resist the combined effects of the inertial force, F,,,
calculated in accordance with Eq. 3-12, and horizontal
forces resulting from offsets in, or changes in the stiff-
ness of, the vertical seismic framing elements above
and below the diaphragm. Actions resulting from
offsets in or changes in the stiffness of the vertical
seismic framing elements shall be taken as force-
controlled, unless smaller forces are justified by other
rational analysis, and shall be added directly to the
diaphragm inertial forces.

2 F,
F,=""—w

px n X

Ewi

i=x

(Eq. 3-12)

where

F,, = total diaphragm inertial force at level x;
F, = lateral load applied at floor level i given by
Eq. 3-10;
w; = portion of the effective seismic weight W
located on or assigned to floor level i; and
w, = portion of the effective seismic weight W
located on or assigned to floor level x.
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The seismic load on each flexible diaphragm shall
be distributed along the span of that diaphragm, pro-
portional to its displaced shape.

Diaphragms receiving horizontal forces from dis-
continuous vertical elements shall be taken as force-
controlled. Actions on other diaphragms shall be con-
sidered force- or deformation-controlled as specified
for diaphragm components in Chapters 5 through 8.

C3.3.1.3.4 Diaphragms Further information on load
distribution in flexible diaphragms is given in Sec-
tion C3.2.4.

3.3.1.3.5 Distribution of Seismic Forces for
Unreinforced Masonry Buildings with Flexible
Diaphragms For unreinforced masonry buildings with
flexible diaphragms for which the fundamental period
is calculated using Eq. 3-8, it shall be permitted to cal-
culate and distribute the pseudo-lateral force as fol-
lows:

1. For each span of the building and at each level, cal-
culate period from Eq. 3-8;

2. Using Eq. 3-9, calculate pseudo-lateral force for
each span;

3. Apply the lateral loads calculated for all spans
and calculate forces in vertical seismic-resisting
elements using tributary loads;

4. Diaphragm forces for evaluation of diaphragms
shall be determined from the results of step 3 above
and distributed along the diaphragm span consider-
ing its deflected shape; and

5. Diaphragm deflection shall not exceed 6 in. for this
method of distribution of pseudo-lateral force to be
applicable.

C3.3.1.3.5 Distribution of Seismic Forces in Unrein-
forced Masonry Buildings with Flexible Diaphragms
These provisions are based on Appendix Chapter 1 of
the 1997 Uniform Code for Building Conservation
(ICBO 1997). See FEMA 357 (FEMA 2000),
Appendix D for more information.

3.3.2 Linear Dynamic Procedure

3.3.2.1 Basis of the Procedure

If the LDP is selected for seismic analysis of the
building, the design seismic forces, their distribution
over the height of the building, and the corresponding
internal forces and system displacements shall be
determined using a linearly elastic, dynamic analysis
in compliance with the requirements of this section.
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Buildings shall be modeled with linearly elastic
stiffness and equivalent viscous damping values con-
sistent with components responding at or near yield
level, as defined in Section 2.4.4. Modeling and analy-
sis procedures to calculate forces and deformations
shall be in accordance with Section 3.3.2.2.

Results of the LDP shall be checked using the
acceptance criteria of Section 3.4.2.

(C3.3.2.1 Basis of the Procedure

Modal spectral analysis is carried out using lin-
early 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 displace-
ments that approximate maximum displacements
expected during the design earthquake, but will pro-
duce internal forces that exceed those that would be
obtained in a yielding building.

Calculated internal forces typically will exceed
those that the building can sustain because of antici-
pated inelastic response of components. These design
forces are evaluated through the acceptance criteria of
Section 3.4.2, which include modification factors and
alternative analysis procedures to account for antici-
pated inelastic response demands and capacities.

3.3.2.2 Modeling and Analysis Considerations

3.3.2.2.1 General The ground motion characterized for
dynamic analysis shall comply with the requirements
of Section 3.3.2.2.2. The dynamic analysis shall be
performed using the response spectrum method in
accordance with Section 3.3.2.2.3 or the time-history
method in accordance with Section 3.3.2.2.4.

3.3.2.2.2 Ground Motion Characterization The hori-
zontal ground motion shall be characterized for design
by the requirements of Section 1.6 and shall be one of
the following:

1. A response spectrum as specified in Sec-
tion 1.6.1.5;

2. A site-specific response spectrum as specified in
Section 1.6.2.1; or

3. Ground acceleration time histories as specified in
Section 1.6.2.2.

3.3.2.2.3 Response Spectrum Method Dynamic analy-
sis using the response spectrum method shall calculate
peak modal responses for sufficient modes to capture
at least 90% of the participating mass of the build-

ing in each of two orthogonal principal horizontal



directions of the building. Modal damping ratios shall
reflect the damping in the building at deformation
levels less than the yield deformation.

Peak member forces, displacements, story forces,
story shears, and base reactions for each mode of
response shall be combined by either the square root
sum of squares (SRSS) rule or the complete quadratic
combination (CQC) rule.

Multidirectional seismic effects shall be consid-
ered in accordance with the requirements of Sec-
tion 3.2.7.

3.3.2.2.4 Time-History Method Dynamic analysis
using the time-history method shall calculate building
response at discrete time steps using discretized
recorded or synthetic time histories as base motion.
The damping matrix associated with the mathematical
model shall reflect the damping in the building at
deformation levels near the yield deformation.

Response parameters shall be calculated for each
time-history analysis. If fewer than seven time-history
analyses are performed, the maximum response of the
parameter of interest shall be used for design. If seven
or more time-history analyses are performed, the aver-
age value of each response parameter shall be permit-
ted to be used for design.

Multidirectional seismic effects shall be consid-
ered in accordance with the requirements of Section
3.2.7. Alternatively, an analysis of a three-dimensional
mathematical model using simultaneously imposed
consistent pairs of earthquake ground motion records
along each of the horizontal axes of the building shall
be permitted.

C3.3.2.2 Modeling and Analysis Considerations

The LDP includes two analysis methods, namely,
the Response Spectrum Method and the Time-History
Method. 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.
Pairs of ground motion records for simultaneous
analysis along each horizontal axis of the building
should be consistent. Consistent pairs are the orthogo-
nal motions expected at a given site based on the same
earthquake. Guidance for correlation between two sets
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of time histories is provided in the U.S. Nuclear
Regulatory Commission Regulatory Guide 1.92
(USNRC 1976).

3.3.2.3 Determination of Forces and Deformations

3.3.2.3.1 Modification of Demands All forces and
deformations calculated using either the Response
Spectrum or the Time-History Method shall be multi-
plied by the product of the modification factors C,; and
C,defined in Section 3.3.1.3, and further modified to
consider the effects of torsion in accordance with
Section 3.2.2.2.

3.3.2.3.2 Diaphragms Diaphragms shall be designed to
resist the combined effects of the seismic forces calcu-
lated by the LDP, and the horizontal forces resulting
from offsets in, or changes in stiffness of, the vertical
seismic framing elements above and below the
diaphragm. The seismic forces calculated by the LDP
shall be taken as not less than 85% of the forces calcu-
lated using Eq. 3-12. Actions resulting from offsets in,
or changes in stiffness of, the vertical seismic framing
elements shall be taken as force-controlled, unless
smaller forces are justified by a rational analysis
approved by the authority having jurisdiction.
Diaphragms receiving horizontal forces from
discontinuous vertical elements shall be taken as force-
controlled. Actions on other diaphragms shall be con-
sidered force- or deformation-controlled as specified
for diaphragm components in Chapters 5 through 8.

3.3.3 Nonlinear Static Procedure

3.3.3.1 Basis of the Procedure

If the NSP is selected for seismic analysis of the
building, a mathematical model directly incorporating
the nonlinear load-deformation characteristics of indi-
vidual components of the building shall be subjected
to monotonically increasing lateral loads representing
inertia forces in an earthquake until a target displace-
ment is exceeded. Mathematical modeling and analy-
sis procedures shall comply with the requirements of
Section 3.3.3.2. The target displacement shall be cal-
culated by the procedure in Section 3.3.3.3.

(C3.3.3.1 Basis of the Procedure

The target displacement is intended to represent
the maximum displacement likely to be experienced
during the design earthquake. Because the mathemati-
cal model accounts directly for effects of material
inelastic response, the calculated internal forces will
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be reasonable approximations of those expected during
the design earthquake.

3.3.3.2 Modeling and Analysis Considerations

3.3.3.2.1 General Selection of a control node, selection
of lateral load patterns, determination of the fundamen-
tal period, and application of the analysis procedure
shall comply with the requirements of this section.

The relation between base shear force and lateral
displacement of the control node shall be established
for control node displacements ranging between zero
and 150% of the target displacement, §,.

The component gravity loads shall be included in
the mathematical model for combination with lateral
loads as specified in Section 3.2.8. The lateral loads
shall be applied in both the positive and negative
directions, and the maximum seismic effects shall be
used for design.

The analysis model shall be discretized to repre-
sent the load-deformation response of each component
along its length to identify locations of inelastic
action.

Primary and secondary components of lateral-
force-resisting elements shall be included in the
model, as specified in Section 3.2.2.3.

The force—displacement behavior of all compo-
nents shall be explicitly included in the model using
full backbone curves that include strength degradation
and residual strength, if any.

The NSP shall be used in conjunction with the
acceptance criteria of Sections 3.4.3.2.1. and 3.4.3.2.3.

C3.3.3.2.1 General The requirement to carry out the
analysis to at least 150% of the target displacement is
meant to encourage the engineer to investigate likely
building performance and behavior of the model under
extreme load conditions that exceed the design values.
The engineer should recognize that the target displace-
ment represents a mean displacement value for the
design earthquake loading, and that there is consider-
able scatter about the mean. Estimates of the target
displacement may be unconservative for buildings
with low strength compared with the elastic spectral
demands.

3.3.3.2.2 Simplified NSP Analysis The use of a simpli-
fied NSP analysis shall be permitted as follows:

1. Only primary components are modeled;

2. The force—displacement characteristics of compo-
nents are bilinear, and the degrading portion of the
backbone curve is not explicitly modeled; and
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3. Components not meeting the acceptance criteria for
primary components are designated as secondary,
and removed from the mathematical model.

A simplified NSP analysis shall be used with the
acceptance criteria of Sections 3.4.3.2.2 and 3.4.3.2.3.

C3.3.3.2.2 Simplified Nonlinear Static Procedure
Analysis The simplified NSP differs from the NSP in
that component degradation is not explicitly included
in the mathematical model. Therefore, more stringent
acceptance criteria are used and component demands
must be within the acceptance criteria limits for pri-
mary components. Where using the simplified NSP
analysis, care should be taken to make sure that
removal of degraded components from the model does
not result in changes to the regularity of the structure
that would significantly alter the dynamic response. In
pushing with a static load pattern, the NSP does not
capture changes in the dynamic characteristics of the
structure as yielding and degradation take place.

In order to explicitly evaluate deformation
demands on secondary components that are to be
excluded from the model, one might consider includ-
ing them in the model, but with negligible stiffness, to
obtain deformation demands without significantly
affecting the overall response.

3.3.3.2.3 Control Node Displacement The control node
shall be located at the center of mass at the roof of a
building. For buildings with a penthouse, the floor of
the penthouse shall be regarded as the level of the con-
trol node. The displacement of the control node in the
mathematical model shall be calculated for the speci-
fied lateral loads.

3.3.3.2.4 Lateral Load Distribution Lateral loads shall
be applied to the mathematical model in proportion to
the distribution of inertia forces in the plane of each
floor diaphragm. The vertical distribution of these
forces shall be proportional to the shape of the funda-
mental mode in the direction under consideration.

C3.3.3.2.4 Lateral Load Distribution The distribution
of lateral inertial forces determines relative magni-
tudes of shears, moments, and deformations within the
structure. The actual distribution of these forces is
expected to vary continuously during earthquake
response as portions of the structure yield and stiffness
characteristics change. The extremes of this distribu-
tion will depend on the severity of the earthquake
shaking and the degree of nonlinear response of the
structure. Use of more than one lateral load pattern has



been used in the past as a way to bound the range of
design actions that may occur during actual dynamic
response. Recent research [FEMA 440 (FEMA 2005)]
has shown that multiple load patterns do little to
improve the accuracy of nonlinear static procedures
and that a single pattern based on the first mode shape
is recommended.

3.3.3.2.5 Idealized Force—Displacement Curve The
nonlinear force—displacement relationship between
base shear and displacement of the control node shall
be replaced with an idealized relationship to calculate
the effective lateral stiffness, K,, and effective yield
strength, V|, of the building as shown in Fig. 3-1.

The first line segment of the idealized force—
displacement curve shall begin at the origin and have a
slope equal to the effective lateral stiffness, K,. The
effective lateral stiffness, K,, shall be taken as the
secant stiffness calculated at a base shear force equal
to 60% of the effective yield strength of the structure.
The effective yield strength, V), shall not be taken as
greater than the maximum base shear force at any
point along the force—displacement curve.

The second line segment shall represent the posi-
tive post-yield slope («,K,), determined by a point
(V,A,) and a point at the intersection with the first line
segment such that the areas above and below the
actual curve are approximately balanced. (V,A,) shall
be a point on the actual force—displacement curve at
the calculated target displacement, or at the displace-
ment corresponding to the maximum base shear,
whichever is least.

The third line segment shall represent the negative
post yield slope (a,K,), determined by the point at the
end of the positive post-yield slope (V,A,) and the
point at which the base shear degrades to 60% of
the effective yield strength.

Base shear
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FIGURE 3-1. Idealized Force—Displacement
Curves.
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C3.3.3.2.5 Idealized Force—Displacement Curve The
idealized force—displacement curve is developed using
an iterative graphical procedure to balance the areas
below the actual and idealized curves up to A, such
that the idealized curve has the properties defined in
this section. The definition of the idealized force—
displacement curve was modified from the definition
in FEMA 356 (FEMA 2000) based on the recommen-
dations of FEMA 440 (FEMA 2005).

3.3.3.2.6 Period Determination The effective funda-
mental period in the direction under consideration
shall be based on the idealized force—displacement
curve defined in Section 3.3.3.2.5. The effective fun-
damental period, T,, shall be calculated in accordance
with Eq. 3-13:

T =T/ = (Eq. 3-13)

where

T, = elastic fundamental period (in seconds) in the
direction under consideration calculated by elas-
tic dynamic analysis;

K; = elastic lateral stiffness of the building in the
direction under consideration calculated using
the modeling requirements of Section 3.2.2.4;
and

K, = effective lateral stiffness of the building in the
direction under consideration.

3.3.3.2.7 Analysis of Mathematical Models Separate
mathematical models representing the framing along
two orthogonal axes of the building shall be developed
for two-dimensional analysis. A mathematical model
representing the framing along two orthogonal axes of
the building shall be developed for three-dimensional
analysis.

The effects of horizontal torsion shall be evaluated
in accordance with Section 3.2.2.2.

Independent analysis along each of the two
orthogonal principal axes of the building shall be per-
mitted unless concurrent evaluation of multidirectional
effects is required by Section 3.2.7.

3.3.3.3 Determination of Forces and Deformations

3.3.3.3.1 General For buildings with rigid diaphragms
at each floor level, the target displacement, §,, shall be
calculated in accordance with Eq. 3-14 or by an
approved procedure that accounts for the nonlinear
response of the building.
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For buildings with nonrigid diaphragms at each
floor level, diaphragm flexibility shall be explicitly
included in the model. The target displacement shall
be calculated as specified for rigid diaphragms, except
that it shall be amplified by the ratio of the maximum
displacement at any point on the roof to the displace-
ment at the center of mass of the r0of (5,,,./8 ). O
and 8, shall be based on a response spectrum analysis
of a three-dimensional model of the building. The tar-
get displacement so calculated shall be no less than
that displacement given by Eq. 3-14. No line of verti-
cal seismic framing shall be evaluated for displace-
ments smaller than the target displacement.

Alternatively, for buildings with flexible
diaphragms at each floor level, a target displacement
shall be calculated for each line of vertical seismic
framing. The target displacement for an individual
line of vertical seismic framing shall be as specified
for buildings with rigid diaphragms, except that the
masses shall be assigned to each line on the basis of
tributary area.

Forces and deformations corresponding to the
control node displacement equaling or exceeding the
target displacement shall comply with acceptance cri-
teria of Section 3.4.3.

3.3.3.3.2 Target Displacement The target displace-
ment, ,, at each floor level shall be calculated in
accordance with Eq. 3-14 and as specified in Sec-
tion 3.3.3.3.1.

2

T
5, =C,C,C,S,—5
' 0121147ng

where

C, = modification factor to relate spectral displacement

of an equivalent single-degree of freedom (SDOF)

system to the roof displacement of the building

(Eq. 3-14)

o

multi-degree of freedom (MDOF) system calcu-
lated using one of the following procedures:

e The first mode mass participation factor multi-
plied by the ordinate of the first mode shape at
the control node;

* The mass participation factor calculated using
a shape vector corresponding to the deflected
shape of the building at the target displacement
multiplied by ordinate of the shape vector at
the control node; or

 The appropriate value from Table 3-2;

modification factor to relate expected maximum
inelastic displacements to displacements calcu-
lated for linear elastic response. For periods less
than 0.2 sec, C, need not be taken greater than
the value at 7= 0.2 sec. For periods greater than
1.0 sec, C,= 1.0.

where

a = site class factor:
= 130 site Class A, B;
= 90 site Class C;
= 60 site Class D, E, F;

T, = effective fundamental period of the building
in the direction under consideration, in sec-
onds;

T, = characteristic period of the response spec-
trum, defined as the period associated with
the transition from the constant acceleration
segment of the spectrum to the constant
velocity segment of the spectrum per
Sections 1.6.1.5 and 1.6.2.1;

R = ratio of elastic strength demand to
yield strength coefficient calculated in

Table 3-2. Values for Modification Factor C,!

Shear Buildings? Other Buildings

Number of Triangular Load Pattern Uniform Load

Stories (1.1, 1.2, 1.3) Pattern (2.1) Any Load Pattern
1 1.0 1.0 1.0

2 1.2 1.15 1.2

3 1.2 1.2 1.3

5 1.3 1.2 1.4

10+ 1.3 1.2 1.5

'Linear interpolation shall be used to calculate intermediate values.
2Buildings in which, for all stories, story drift decreases with increasing height.
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accordance with Eq. 3-15. Use of the NSP
is not permitted where R exceeds R,,,,, per
Section 2.4.2.1;

C, = modification factor to represent the effect of
pinched hysteresis shape, cyclic stiffness degra-
dation, and strength deterioration on maximum
displacement response. For periods greater than
0.7 sec, C,=1.0;

C= 1+ (BZ1Y
: 800 \ T,
S, = response spectrum acceleration, at the effective
fundamental period and damping ratio of the
building in the direction under consideration, as

calculated in Sections 1.6.1.5 and 1.6.2.1; and
g = acceleration of gravity.

The strength ratio R shall be calculated in accor-
dance with Eq. 3-15:

S
R=—2.C Eg. 3-15
vw (Eq )

where S, is defined above, and

V, = yield strength calculated using results of the NSP
for the idealized nonlinear force—displacement
curve developed for the building in accordance
with Section 3.3.3.2.5;

W = effective seismic weight, as calculated in Sec-
tion 3.3.1.3.1; and

C,, = effective mass factor from Table 3-1. Alterna-
tively, C,, taken as the effective modal mass par-
ticipation factor calculated for the fundamental
mode using an Eigenvalue analysis shall be per-
mitted. C,, shall be taken as 1.0 if the fundamen-
tal period, 7, is greater than 1.0 sec.

For buildings with negative post-yield stiffness,
the maximum strength ratio, R,,,,, shall be calculated
in accordance with Eq. 3-16.

o A el
max A 4

y

(Eq. 3-16)

where

A, = lesser of target displacement, §,, or displacement
at maximum base shear defined in Fig. 31;
A, = displacement at effective yield strength defined
in Fig. 3-1;
h=1+0.15-1In7, and
a, = effective negative post-yield slope ratio defined
in Eq. 3-17.
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The effective negative post-yield slope ratio, «,,
shall be calculated in accordance with Eq. 3-17:

a, = ap_, + AMa, — ap_,) (Eq. 3-17)

where

a, = negative post-yield slope ratio defined in
Fig. 3-1. This includes P-A effects, in-cycle
degradation, and cyclic degradation;

ap, = negative slope ratio caused by P-A effects;
and

A = near field effect factor:

= 0.8 if §;, = 0.6 (Maximum Considered
Earthquake, MCE);
= 0.21if §; < 0.6 (MCE).

C3.3.3.3.2 Target Displacement This standard presents
the Coefficient Method for calculating target dis-
placement. Other procedures can also be used. Sec-
tion C3.3.3.3 of FEMA 274 (FEMA 1997) presents
additional background information on the Coefficient
Method and another acceptable procedure referred to
as the Capacity Spectrum Method.

The C, coefficient accounts for the difference
between the roof displacement of a multi-degree of
freedom (MDOF) building and the displacement of the
equivalent single-degree of freedom (SDOF) system.
Using only the first mode shape (¢,) and elastic
behavior, coefficient C, is equal to:

{¢,}'IM{1}
{¢ MK}

= ¢’1,rF1

Cy= ¢y, (Eq. C3-3)

where

¢, , = the ordinate of mode shape 1 at the roof (con-
trol node);
[M] = a diagonal mass matrix; and
I', = the first mode mass participation factor.

Since the mass matrix is diagonal, Eq. C3-3 can
be rewritten as:

N
E mb; ,
C,= d)l,r ;/—
E mi(l”iz,n
1

(Eq. C3-4)

where

m; = the mass at level i; and
¢;, = the ordinate of mode shape i at level n.
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If the absolute value of the roof (control node)
ordinate of each mode shape is set equal to unity, the
value of coefficient C, is equal to the first mode mass
participation factor.

Explicit calculation of C, using the actual
deflected shape may be beneficial in terms of lower
amplification of target displacement. The actual shape
vector may take on any form, particularly since it is
intended to simulate the time-varying deflection pro-
file of the building responding inelastically to the
ground motion and will likely be different from the
elastic first-mode shape. If this method is used, the
mass participation factor, I';, must be calculated using
the actual deflected shape as the shape vector in lieu
of the mode shape.

Use of the tabulated values, which are based on a
straight-line vector with equal masses at each floor
level, is approximate (particularly if masses vary much
over the height of the building) and may be overly
conservative.

Coefficients for estimating the target displacement
have been modified based on the recommendations
contained in FEMA 440 (FEMA 2005).

FEMA 440 concluded that the previous cap on the
C, factor was not appropriate and a simplified equa-
tion was recommended based on R, effective period,
T,, and the site class factor, a, with a revised cap at
T = 0.2 sec. FEMA 440 recommended site class factors
for site classes B, C, and D only. The site class factor
for site class A was set equal to that for B and the site
class factor for site classes E and F was set equal to
that for D. The use of the simplified C, equation to
estimate displacements for soft soil sites, including
classes E and F, will have higher uncertainty due to
high dispersions of the results in studies of SDOF
oscillators on soft soils. See FEMA 440 for more dis-
cussion on uncertainties related to the C, equation.

The C, factor was revised to better account for the
effects of cyclic degradation of stiffness as recom-
mended in FEMA 440. For buildings with systems that
do not exhibit degradation of stiffness and/or strength,
the C, coefficient can be assumed to be 1.0. This
would include buildings with modern concrete or steel
special moment-resisting frames, steel eccentrically
braced frames, and buckling-restrained braced frames
as either the original system or the system added dur-
ing seismic rehabilitation.

The C; coefficient has been eliminated and
replaced with a maximum strength ratio, R,,,,, which is
intended to measure dynamic instability. Where the
value for R,,,, is exceeded, an NDP analysis is required
to capture strength degradation and dynamic P-A
effects to confirm dynamic stability of the building.
As recommended in FEMA 440, the NDP analysis
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should include the in-cycle or cyclic strength or stiff-
ness degradation in the hysteretic models of the com-
ponents as required. The effective negative post-yield
slope ratio, a,, was introduced in FEMA 440 as a vari-
able necessary to determine the maximum strength
ratio, R,,,., that a building can have before dynamic
instability is a concern. The negative slope caused by
P-A effects, ap ,, is based on the restoring force
needed to balance the overturning moment caused by
the weight of the structure displaced an amount A, act-
ing at the effective height of the first mode. It can be
determined using structural analysis software by com-
paring the stiffness results of an analysis run with P-A
effects to one run without P-A effects considered.

3.3.3.3.3 Modification of Demands The target dis-
placement shall be modified to consider the effects of
horizontal torsion in accordance with Section 3.2.2.2.

3.3.3.3.4 Diaphragms Diaphragms shall be designed
to resist the combined effects of the horizontal forces
resulting from offsets in, or changes in stiffness of, the
vertical seismic framing elements above and below the
diaphragm, and the diaphragm forces determined
using either Section 3.3.1.3.4 or Section 3.3.2.3.2.

3.3.4 Nonlinear Dynamic Procedure

3.3.4.1 Basis of the Procedure

If the NDP is selected for seismic analysis of the
building, a mathematical model directly incorporating
the nonlinear load-deformation characteristics of indi-
vidual components of the building shall be subjected
to earthquake shaking represented by ground motion
time histories in accordance with Section 1.6.2.2 to
obtain forces and displacements.

Calculated displacements and forces shall be com-
pared directly with acceptance criteria specified in
Section 3.4.3.

C3.3.4.1 Basis of the Procedure

The basis, modeling approaches, and acceptance
criteria of the NDP are similar to those for the NSP.
The main exception is that the response calculations
are carried out using time-history analysis. With the
NDP, the design displacements are not established
using a target displacement but, instead, are deter-
mined directly through dynamic analysis using ground
motion time histories. Calculated response can be
highly sensitive to characteristics of individual ground
motions; therefore, the analysis should be carried out
with more than one ground motion record. Because
the numerical model accounts directly for effects of
material inelastic response, the calculated internal



forces will be reasonable approximations of those
expected during the design earthquake.

3.3.4.2 Modeling and Analysis Considerations

3.3.4.2.1 General The modeling and analysis require-
ments specified in Section 3.3.3.2 for the NSP shall
apply to the NDP, excluding considerations of control
node and target displacements.

3.3.4.2.2 Ground Motion Characterization For the
NDP, earthquake shaking shall be characterized by
discretized recorded or synthetic earthquake records
as base motion meeting the requirements of Sec-
tion 1.6.2.2.

3.3.4.2.3 Time-History Method For the NDP, time-
history analysis shall be performed using horizontal
ground motion time histories prepared according to the
requirements of Section 1.6.2.2.

Multidirectional seismic effects shall be accounted
for in accordance with Section 3.2.7. Alternatively, an
analysis of a three-dimensional mathematical model
using simultaneously imposed consistent pairs of
earthquake ground motion records along each of the
horizontal axes of the building shall be permitted.

C3.3.4.2.3 Time-History Method Guidance for correla-
tion between sets of time histories is provided in the
U.S. Nuclear Regulatory Commission Regulatory
Guide 1.92 (USNRC 1976).

3.3.4.3 Determination of Forces and Deformations
Forces and deformations shall be determined in
accordance with Section 3.3.2.2.4.

3.3.4.3.1 Modification of Demands The effects of tor-
sion shall be considered in accordance with Sec-
tion 3.2.2.2.

3.3.4.3.2 Diaphragms Diaphragms shall be designed to
resist the effects of the seismic forces calculated by
dynamic analysis, including the effects of the horizon-
tal forces resulting from offsets in, or changes in stiff-
ness of, the vertical seismic framing elements above
and below the diaphragm.

3.4 ACCEPTANCE CRITERIA

3.4.1 General Requirements

Components analyzed using the linear procedures
of Section 3.3.1 and Section 3.3.2 shall satisfy the
requirements of Section 3.4.2. Components analyzed
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using the nonlinear procedures of Section 3.3.3 and
Section 3.3.4 shall satisfy the requirements of Sec-
tion 3.4.3.

Prior to selecting component acceptance criteria,
components shall be classified as primary or second-
ary, and actions shall be classified as deformation-
controlled or force-controlled, as defined in Sec-
tion 2.4.4.

Foundations shall satisfy the criteria specified in
Chapter 4.

C3.4.1 General Requirements

The linear analysis procedures are intended to
provide a conservative estimate of building response
and performance in an earthquake. Since the actual
response of buildings to earthquakes is typically
nonlinear, nonlinear analysis procedures should
provide a more accurate representation of building
response and performance. In recognition of the
improved estimates of nonlinear analysis, the accept-
ance criteria for nonlinear procedures are more
accurate and less conservative than those for linear
procedures. Buildings that do not comply with the
linear analysis acceptance criteria may comply
with nonlinear acceptance criteria. Therefore, per-
forming a nonlinear analysis is recommended to
minimize or eliminate unnecessary seismic rehabilita-
tion. Users are urged to report to the building owner
limitations on the use of linear procedures and to
pursue nonlinear analyses where linear acceptance
criteria are not met.

3.4.2 Linear Procedures

3.4.2.1 Design Forces and Deformations

Component design forces and deformations shall
be calculated in accordance with linear analysis proce-
dures of Sections 3.3.1 or 3.3.2.

3.4.2.1.1 Deformation-Controlled Actions Deforma-
tion-controlled design actions, Q,, shall be calculated
in accordance with Eq. 3-18:

Ou =06 * O (Eq. 3-18)

where

QO = action due to design earthquake loads calcu-
lated using forces and analysis models
described in either Section 3.3.1 or Sec-
tion 3.3.2;

Q. = action due to design gravity loads as defined in
Section 3.2.8; and

Q.p = deformation-controlled design action due to
gravity loads and earthquake loads.
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C3.4.2.1.1 Deformation-Controlled Actions Because of
possible anticipated nonlinear response of the struc-
ture, the design actions as represented by Eq. 3-18
may exceed the actual strength of the component to
resist these actions. The acceptance criteria of Sec-
tion 3.4.2.2.1 take this overload into account through
use of a factor, m, which is an indirect measure

of the nonlinear deformation capacity of the
component.

3.4.2.1.2 Force-Controlled Actions Force-controlled
design actions, Q,, shall be calculated using one of
the following methods:

1. O shall be taken as the maximum action that can
be developed in a component based on a limit-state
analysis considering the expected strength of the
components delivering load to the component under
consideration, or the maximum action developed in
the component as limited by the nonlinear response
of the building.

2. Alternatively, O, shall be calculated in accordance
with Eq. 3-19.

O

= -+ ==
QUF QG - C1C2J

(Eq. 3-19)

where

Q. = force-controlled design action due to gravity
loads in combination with earthquake loads;
and

J = force-delivery reduction factor, greater than
or equal to 1.0, taken as the smallest demand
capacity ratio (DCR) of the components in
the load path delivering force to the compo-
nent in question, calculated in accordance
with Eq. 2-1. Alternatively, values of J equal
to 2.0 for a High Level of Seismicity, 1.5 for
a Moderate Level of Seismicity, and 1.0 for a
Low Level of Seismicity shall be permitted
where not based on calculated DCRs. J shall
be taken as 1.0 for the Immediate Occupancy
Structural Performance Level. In any case
where the forces contributing to Q, are
delivered by components of the lateral force
resisting system that remain elastic, J shall be
taken as 1.0.

C3.4.2.1.2 Force-Controlled Actions The basic
approach for calculating force-controlled actions

for design differs from that used for deformation-
controlled actions because nonlinear deformations asso-
ciated with forced-controlled actions are not permitted.
Therefore, force demands for force-controlled actions
should not exceed the force capacity (strength).
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Ideally, an inelastic mechanism for the structure
will be identified and the force-controlled actions, Q,,
for design will be determined by limit analysis using
that mechanism. This approach will always produce a
conservative estimate of the design actions, even if an
incorrect mechanism is selected. Where it is not possi-
ble to use limit (or plastic) analysis, or in cases where
design forces do not produce significant nonlinear
response in the building, it is acceptable to determine
the force-controlled actions for design using Eq. 3-19.

Coefficients C,;and C, were introduced in Eq. 3-9
to amplify the design base shear to achieve a better
estimate of the maximum displacements expected for
buildings responding in the inelastic range.
Displacement amplifiers, C,and C,, are divided out of
Eq. 3-19 when seeking an estimate of the force level
present in a component where the building is respond-
ing inelastically.

Since J is included for force-controlled actions, it
may appear to be more advantageous to treat an action
as force-controlled where m-factors are less than J.
However, proper application of force-controlled crite-
ria requires a limit state analysis of demand and lower-
bound calculation of capacity that will yield a safe
result whether an action is treated as force- or defor-
mation-controlled.

3.4.2.2 Acceptance Criteria for Linear Procedures

3.4.2.2.1 Deformation-Controlled Actions Deforma-
tion-controlled actions in primary and secondary com-
ponents shall satisfy Eq. 3-20.

miQcp = Qup (Eq. 3-20)

where

m = component demand modification factor to
account for expected ductility associated with
this action at the selected Structural Perfor-
mance Level. m-factors are specified in
Chapters 4 through 8;

QO = expected strength of the component at the
deformation level under consideration for de-
formation-controlled actions. Q,, the expected
strength, shall be determined considering all
coexisting actions on the component under the
design loading condition by procedures speci-
fied in Chapters 4 through §; and

k = knowledge factor defined in Section 2.2.6.4.

3.4.2.2.2 Force-Controlled Actions Force-controlled
actions in primary and secondary components shall
satisfy Eq. 3-21:

KQc = Qup (Eq. 3-21)



where

Q. = lower-bound strength of a component at the
deformation level under consideration for
force-controlled actions. Q,, the lower-bound
strength, shall be determined considering all
coexisting actions on the component under the
design loading condition by procedures speci-
fied in Chapters 4 through 8.

3.4.2.2.3 Verification of Design Assumptions In addi-
tion to the requirements in Section 3.2.9, the following
verification of design assumptions shall be made.
Where moments due to gravity loads in horizon-
tally spanning primary components exceed 75% of the
expected moment strength at any location, the possibility
for inelastic flexural action at locations other than mem-
ber ends shall be specifically investigated by comparing
flexural actions with expected member strengths. Where
linear procedures are used, formation of flexural plastic
hinges away from member ends shall not be permitted.

3.4.3 Nonlinear Procedures

3.4.3.1 Design Forces and Deformations

Component design forces and deformations shall
be calculated in accordance with nonlinear analysis
procedures of Sections 3.3.3 or 3.3.4.

3.4.3.2 Acceptance Criteria for Nonlinear Procedures

3.4.3.2.1 Deformation-Controlled Actions Primary and
secondary components shall have expected deforma-
tion capacities not less than maximum deformation
demands calculated at the target displacement.
Primary and secondary component demands shall be
within the acceptance criteria for secondary compo-
nents at the selected Structural Performance Level.
Expected deformation capacities shall be determined
considering all coexisting forces and deformations in
accordance with Chapters 4 through 8.

Acceptance criteria for the simplified NSP analy-
sis of Section 3.3.3.2.1 shall be as specified in Sec-
tion 3.4.3.2.2.

C3.4.3.2.1 Deformation-Controlled Actions Where all
components are explicitly modeled with full backbone
curves, the NSP can be used to evaluate the full contri-
bution of all components to the lateral force resistance of
the structure as they degrade to residual strength values.
Where degradation is explicitly evaluated in the NSP,
components can be relied upon for lateral-force resist-
ance out to the secondary component limits of response.
Studies on the effects of different types of strength
degradation are presented in FEMA 440 (FEMA 2005).
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As components degrade, the post-yield slope of the
force—displacement curve becomes negative. The
strength ratio, R,,,,, limits the extent of degradation
based on the degree of negative post-yield slope.

3.4.3.2.2 Deformation-Controlled Actions for the
Simplified Nonlinear Static Analysis Primary and sec-
ondary components modeled using the simplified NSP
analysis of Section 3.3.3.2.2 shall meet the require-
ments of this section. Expected deformation capacities
shall not be less than maximum deformation demands
calculated at the target displacement. Primary compo-
nent demands shall be within the acceptance criteria
for primary components at the selected Structural
Performance Level. Demands on other components
shall be within the acceptance criteria for secondary
components at the selected Structural Performance
Level. Expected deformation capacities shall be deter-
mined considering all coexisting forces and deforma-
tions by procedures specified in Chapters 4 through 8.

C3.4.3.2.2 Deformation-Controlled Actions for the
Simplified Nonlinear Static Analysis In the simplified
NSP analysis, primary components are not modeled
with full backbone curves. Degradation cannot be
explicitly evaluated and degraded components can-
not be reliably used to the secondary component limits
of response. For this reason, the lateral-force resist-
ance of the structure consists of primary components
measured against primary component acceptance
criteria.

3.4.3.2.3 Force-Controlled Actions Primary and sec-
ondary components shall have lower-bound strengths
not less than the maximum design forces. Lower-
bound strengths shall be determined considering all
coexisting forces and deformations by procedures
specified in Chapters 4 through 8.

3.4.3.2.4 Verification of Design Assumptions In addi-
tion to the requirements in Section 3.2.9, the following
verification of design assumptions shall be made:

* Flexural plastic hinges shall not form away from
component ends unless they are explicitly accounted
for in modeling and analysis.

4.0 FOUNDATIONS AND GEOLOGIC SITE
HAZARDS
4.1 SCOPE

This chapter sets forth general requirements for con-
sideration of foundation load—deformation characteris-
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tics, seismic rehabilitation of foundations, and mitiga-
tion of geologic site hazards in the Systematic
Rehabilitation of buildings.

Section 4.2 specifies data collection for site char-
acterization and defines geologic site hazards. Section
4.3 outlines procedures for mitigation of geologic site
hazards. Section 4.4 provides soil strength and stiff-
ness parameters for consideration of foundation
load—deformation characteristics. Section 4.5 specifies
procedures for consideration of soil-structure (SSI)
effects. Section 4.6 specifies seismic earth pressures
on building walls. Section 4.7 specifies requirements
for seismic rehabilitation of foundations.

C4.1 SCOPE

This chapter provides geotechnical engineering provi-
sions for building foundations and seismic-geologic
site hazards. Acceptability of the behavior of the foun-
dation system and foundation soils for a given per-
formance level cannot be determined apart from the
context of the behavior of the superstructure.
Geotechnical requirements for buildings that
are suitable for Simplified Rehabilitation are included
in Chapter 10. Structural engineering issues of
foundation systems are discussed in the chapters
on Steel (Chapter 5), Concrete (Chapter 6), Masonry
(Chapter 7), and Wood and Light Metal Framing
(Chapter 8).

4.2 SITE CHARACTERIZATION

Site characterization shall include collection of infor-
mation on the building foundation as specified in
Section 4.2.1, and on seismic geologic site hazards as
specified in Section 4.2.2.

C4.2 SITE CHARACTERIZATION

The guidance of the authorities having jurisdic-
tion over historical matters should be obtained if
historic or archeological resources are present at
the site.

4.2.1 Foundation Information

Information on the foundation supporting the
building to be rehabilitated, nearby foundation condi-
tions, design foundation loads, and load—deformation
characteristics of the foundation soils shall be
obtained as specified in Sections 4.2.1.1 through
4.2.1.3.
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4.2.1.1 Foundation Conditions

4.2.1.1.1 Structural Foundation Information The fol-
lowing structural information shall be obtained for the
foundation of the building to be rehabilitated in accor-
dance with the data collections requirements of
Section 2.2.6:

1. Foundation type;

2. Foundation configuration, including dimensions
and locations; and

3. Material composition and details of construction.

C4.2.1.1.1 Structural Foundation Information
Foundation types may consist of shallow isolated or
continuous spread footings, mat foundations, deep
foundations of driven piles, cast-in-place concrete
piers, or drilled shafts of concrete.

Foundation configuration information includes
dimensions and locations, depths of embedment of
shallow foundations, pile tip elevations, and variations
in cross section along the length of the pile for tapered
piles and belled caissons.

Foundation material types include concrete,
steel, and wood. Foundation installation methods
include cast-in-place and open/closed-end
driving.

With this minimum amount of information, pre-
sumptive or prescriptive procedures may be used to
determine the bearing capacity of the foundations.
However, additional information is required for site-
specific assessments of foundation bearing capacity
and stiffness. Acquiring this additional information
involves determining unit weights, shear strength, fric-
tion angle, compressibility characteristics, soil moduli,
and Poisson’s ratio.

4.2.1.1.2 Subsurface Soil Conditions The following
information on subsurface soil conditions shall be
obtained as required for the selected rehabilitation
objectives:

1. For rehabilitation objectives that include Collapse
Prevention and Life Safety Performance Levels, the
type, composition, consistency, relative density, and
layering of soils shall be determined to a depth at
which the stress imposed by the building is less
than or equal to 10% of the building weight divided
by the total foundation area. For buildings with
friction piles, the depth so calculated shall be
increased by two-thirds of the pile length. For end
bearing piles, the depth of investigation shall be the
pile length plus 10 ft. The location of the water
table and its seasonal fluctuations beneath the
building shall be determined.



2. For enhanced rehabilitation objectives, the soil unit
weight, v; soil cohesion, c; soil friction angle,
¢; soil compressibility characteristics, soil shear
modulus, G; and Poisson’s ratio, v, for each type of
soil, shall be determined.

C4.2.1.1.2 Subsurface Soil Conditions Specific foun-
dation information developed for an adjacent or
nearby building may be useful if subsurface 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 of the building being rehabilitated. Adjacent sites
where construction has been done recently may pro-
vide a guide for evaluation of subsurface conditions at
the site being considered. Sources of existing geotech-
nical information are discussed in C2.2.3.

4.2.1.2 Design Foundation Loads

Information on the design foundation loads shall
be obtained, including separate information on dead
loads and live loads. Alternatively, the design founda-
tion loads shall be calculated where information on the
design foundation loads is not available.

C4.2.1.2 Design Foundation Loads

Design drawings may indicate information regard-
ing the allowable bearing capacity of the foundation
components. This information can be used directly in
a presumptive or prescriptive evaluation of the founda-
tion capacity. Construction records may also be avail-
able indicating ultimate pile capacities if load tests
were performed. Information on the existing loads on
the structure is relevant to determining the amount of
overload that the foundations may be capable of resist-
ing during an earthquake.

4.2.1.3 Load-Deformation Characteristics Under
Seismic Loading

Load—deformation characteristics of foundations
shall be obtained from geotechnical reports, or shall be
determined in accordance with the requirements of
Section 4.4.

C4.2.1.3 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 characteris-
tics have not traditionally been used for design; conse-
quently, such relationships are not generally found in
the geotechnical reports for existing buildings.
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4.2.2 Seismic Geologic Site Hazards

Seismic rehabilitation shall include an assessment
of earthquake-induced hazards at the site due to fault
rupture, liquefaction, differential compaction, landslid-
ing, and an assessment of earthquake-induced flooding
or inundation in accordance with Sections 4.2.2.1
through 4.2.2.5.

If the resulting ground movements cause unac-
ceptable performance in the building for the selected
performance level, then the hazards shall be mitigated
in accordance with Section 4.3.

4.2.2.1 Fault Rupture

A geologic fault shall be defined as a plane or
zone along which earth materials on opposite sides
have moved differentially in response to tectonic
forces.

Geologic site information shall be obtained to
determine if an active geologic fault is present under
the building foundation. If a fault is present, the fol-
lowing information shall be obtained:

1. The degree of activity based on the age of most
recent movement;

2. The fault type—whether it is a strike-slip, normal-

slip, reverse-slip, or thrust fault;

The sense of slip with respect to building geometry;

4. Magnitudes of vertical and/or horizontal displace-
ments consistent with the selected earthquake haz-
ard level; and

5. The width and distribution of the fault-rupture
zone.

e

C4.2.2.1 Fault Rupture

Buildings found to straddle active faults should be
assessed to determine if any rehabilitation is war-
ranted, possibly to reduce the collapse potential of the
structure given the likely amount and direction of fault
displacement.

4.2.2.2 Liquefaction

Liquefaction shall be defined as an earthquake-
induced process in which saturated, loose, granular
soils lose shear strength and liquefy as a result of an
increase in pore-water pressure during earthquake
shaking.

Subsurface soil and ground water information
shall be obtained to determine if liquefiable materials
are present under the building foundation. If liquefi-
able soils are present, the following information shall
be obtained: soil type, soil density, depth to water
table, ground surface slope, proximity of free-face
conditions, and lateral and vertical differential
displacements.
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A site shall be regarded as free from liquefaction defined in ASTM D1586-99 (ASTM 1999), for
hazard if the site soils, or similar soils in the site vicin- depths below the ground water table, or with clay
ity, have not experienced historical liquefaction, and if content greater than 20%; or
any of the following criteria are met: 5. The ground water table is at least 35 ft below the

deepest foundation depth, or 50 ft below the ground
surface, whichever is shallower, including consider-
ations for seasonal and historic groundwater level
rises, and any slopes or free-face conditions in the
site vicinity do not extend below the ground water
elevation at the site.

1. The geologic materials underlying the site are
either bedrock or have very low liquefaction sus-
ceptibility according to the relative susceptibility
ratings based upon the type of deposit and geologic
age of the deposit, as shown in Table 4-1;

2. The soils underlying the site are stiff clays or
clayey silts;

3. The soils are not highly sensitive, based on local If a liquefaction hazard is determined to exist at
experience; the site, then a more detailed evaluation of potential

4. The soils are cohesionless with a minimum normal- ground movements due to liquefaction shall be per-
ized Standard Penetration Test (SPT) resistance, formed using procedures approved by the authority
(N,)g0> value of 30 blows/0.3m (30 blows/ft) as having jurisdiction.

Table 4-1. Estimated Susceptibility to Liquefaction of Surficial Deposits During Strong Ground Shaking

Likelihood that Cohesionless Sediments, When Saturated, Would Be
Susceptible to Liquefaction (by Age of Deposit)

General Distribution Holocene Pleistocene Pre-Pleistocene

of Cohesionless Modern < 11,000 < 2 million > 2 million
Type of Deposit Sediments in Deposits < 500 years years years years
(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 Unknown Unknown
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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C4.2.2.2 Liquefaction

Soil liquefaction is a phenomenon in which a soil
below the groundwater table loses a substantial
amount of strength due to strong earthquake ground
shaking. Recently deposited (i.e., geologically young)
and relatively loose natural soils and uncompacted or
poorly compacted fill soils are potentially susceptible
to liquefaction. Loose sands and silty sands are partic-
ularly susceptible; loose silts and gravels also have
potential for liquefaction. Dense natural soils and
well-compacted fills have low susceptibility to lique-
faction. Clay soils are generally not susceptible, except
for highly sensitive clays found in some geographic
regions.

The following information may be necessary for
evaluating the liquefaction potential of soils:

Soil type: Whether liquefiable soils [i.e., granular
(sand, silty sand, nonplastic silt) soils] are present;

Soil density: Whether liquefiable soils are loose
to medium dense;

Depth to water table: Whether liquefiable soils
are saturated at any time during seasonal fluctuations
of the water table;

Ground surface slope and proximity of free-
face conditions: Whether liquefiable soils are at a
gently sloping site or in the proximity of free-surface
conditions; and

Lateral and vertical differential displacement:
Amount and direction at the building foundation
should be calculated.

Seed-Idriss Procedure for Evaluating
Liquefaction Potential. The potential for liquefaction
to occur may be assessed by a variety of available
approaches (National Research Council 1985). The
most commonly utilized approach is the Seed-Idriss
simplified empirical procedure, presented by Seed and
Idriss (1971; 1982) and subsequently updated by many
researchers, that utilizes Standard Penetration Test
(SPT) blow count data. Using SPT data to assess lig-
uefaction potential due to an earthquake is considered
a reasonable engineering approach (Seed and Idriss
1982; Seed et al. 1985; NRC 1985) because many of
the factors affecting penetration resistance affect the
liquefaction resistance of sandy soils in a similar way,
and because these liquefaction potential evaluation
procedures are based on actual performance of soil
deposits during worldwide historical earthquakes.
Section C4.2.2.2 of FEMA 274 (FEMA 1997) pro-
vides more guidance for evaluating liquefaction poten-
tial, but readers should note that Youd et al. (2001)
includes an update of the methods described in
FEMA 274.
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Evaluating Potential for Lateral Spreading.
Lateral spreads are ground-failure phenomena that can
occur on gently sloping ground underlain by liquefied
soil. Earthquake ground shaking affects the stability of
sloping ground containing liquefiable materials due to
seismic inertia forces within the slope and shaking-
induced strength reductions in the liquefiable materi-
als. Temporary instability due to seismic inertia forces
is manifested by lateral downslope movement that can
potentially involve large land areas. For the duration of
ground shaking associated with moderate to large
earthquakes, there could be many such occurrences of
temporary instability, producing an accumulation of
downslope movement. The resulting movements can
range from a few inches or less to tens of feet, and are
characterized by breaking up of the ground and hori-
zontal and vertical offsets.

Various relationships for estimating lateral spread-
ing displacement have been proposed, including the
Liquefaction Severity Index (LSI) by Youd and Perkins
(1978), a relationship incorporating slope and liquefied
soil thickness by Hamada et al. (1986), a modified LSI
approach presented by Baziar et al. (1992), and a rela-
tionship by Bartlett and Youd (1992), in which they
characterize displacement potential as a function of
earthquake and local site characteristics (e.g., slope,
liquefaction thickness, and grain size distribution). The
relationship of Bartlett and Youd (1992), which is
empirically based on analysis of case histories where
lateral spreading did and did not occur, is relatively
widely used, especially for initial assessments of the
hazard. More site-specific analyses can also be made
based on slope stability and deformation analysis pro-
cedures using undrained residual strengths for liquefied
sand (Seed and Harder 1990; Stark and Mesri 1992),
along with either Newmark-type simplified displace-
ment analyses (Newmark 1965; Franklin and Chang
1977; Makdisi and Seed 1978; Yegian et al. 1991) or
more complex deformation analysis approaches.

Evaluating Potential for Flow Slides. Flow gen-
erally occurs in liquefied materials found on steeper
slopes and may involve ground movements of hun-
dreds of feet or more. As a result, flow slides can be
the most catastrophic of the liquefaction-related
ground-failure phenomena. Fortunately, flow slides
occur much less commonly than do lateral spreads.
Whereas lateral spreading requires earthquake inertia
forces to create instability for movement to occur, flow
movements occur when the gravitational forces acting
on a ground slope exceed the strength of the liquefied
materials within the slope. The potential for flow
sliding can be assessed by carrying out static slope
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stability analyses using undrained residual strengths
for the liquefied materials.

Evaluating Potential for Bearing Capacity
Failure. The occurrence of liquefaction in soils sup-
porting foundations can result in bearing capacity fail-
ures and large, plunging-type settlements. In fact, the
buildup of pore-water pressures in a soil to less than a
complete liquefaction condition will still reduce soil
strength and may threaten bearing capacity if the
strength is reduced sufficiently.

The potential for bearing capacity failure beneath
a spread footing depends on the depth of the liquefied
(or partially liquefied) layer below the footing, the size
of the footing, and the load. If lightly loaded small
footings are located sufficiently above the depth of lig-
uefied materials, bearing capacity failure may not
occur. The foundation bearing capacity for a case
where a footing is located some distance above a lig-
uefied layer can be assessed by evaluating the strength
of the liquefied (excess pore pressure ratio = 1.0),
partially liquefied, and nonliquefied strata, then apply-
ing bearing capacity formulations for layered systems
(Meyerhof 1974; Hanna and Meyerhof 1980; Hanna
1981). The capacity of friction pile or pier foundations
can be similarly assessed, based on the strengths of the
liquefied, partially liquefied, and nonliquefied strata
penetrated by the foundations.

Evaluating Potential for Liquefaction-Induced
Settlements. Following the occurrence of liquefaction,
over time the excess pore-water pressures built up in
the soil will dissipate, drainage will occur, and the soil
will densify, manifesting at the ground surface as set-
tlement. Differential settlements occur due to lateral
variations in soil stratigraphy and density. Typically,
such settlements are much smaller and tend to be more
uniform than those due to bearing capacity failure.
They may range from a few inches to a few feet at the
most where thick, loose soil deposits liquefy.

One approach to estimating the magnitude of such
ground settlement, analogous to the Seed-Idriss sim-
plified empirical procedure for liquefaction potential
evaluation (i.e., using SPT blow count data and cyclic
stress ratio), has been presented by Tokimatsu and
Seed (1987). Relationships presented by Ishihara
and Yoshimine (1992) are also available for assessing
settlement.

Evaluating Increased Lateral Earth Pressures
on Building Walls. Liquefaction of soils adjacent to
building walls increases lateral earth pressures which
can be approximated as a fluid pressure having a unit
weight equal to the saturated unit weight of the
soil plus the inertial forces on the soil equal to the
hydrodynamic pressure.
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Evaluating Potential for Flotation of Buried
Structures. A common phenomenon accompanying
liquefaction is the flotation of tanks or structures that
are embedded in liquefied soil. A building with a base-
ment surrounded by liquefied soil can be susceptible
to either flotation or bearing capacity failure, depend-
ing on the building weight and the structural continu-
ity (i.e., whether the basement acts as an integral unit).
The potential for flotation of a buried or embedded
structure can be evaluated by comparing the total
weight of the buried or embedded structure with the
increased uplift forces occurring due to the buildup of
liquefaction-induced pore-water pressures.

4.2.2.3 Differential Compaction

Differential compaction shall be defined as an
earthquake-induced process in which foundation soils
compact and the foundation settles in a nonuniform
manner across a site.

Subsurface soil information shall be obtained to
determine if soils susceptible to differential com-
paction are present under the building foundation.

A site shall be regarded as free of a differential
compaction hazard if the soil conditions meet both of
the following criteria:

1. Geologic materials below the ground water table do
not pose a liquefaction hazard, based on the criteria
in Section 4.2.2.2; and

2. Geologic deposits above the ground water table are
either Pleistocene in geologic age (older than
11,000 years), stiff clays or clayey silts, or cohe-
sionless sands, silts, and gravels with a minimum
(N))go of 20 blows/0.3 m (20 blows/ft).

If a differential compaction hazard is determined
to exist at the site, then a more detailed evaluation
shall be performed using approved procedures.

C4.2.2.3 Differential Compaction

Differential compaction or densification of soils
may accompany strong ground shaking. The resulting
differential settlements can be damaging to structures.
Types of soil susceptible to liquefaction (i.e., relatively
loose natural soils, or uncompacted or poorly com-
pacted fill soils) are also susceptible to compaction.
Compaction can occur in soils above and below the
groundwater table.

Situations most susceptible to differential com-
paction include heavily graded areas where deep fills
have been placed to create building sites for develop-
ment. If the fills are not well compacted, they may be
susceptible to significant settlements, and differential
settlements may occur above variable depths of fill



placed in canyons and near the transitions of cut and
filled areas.

4.2.2.4 Landsliding

A landslide shall be defined as the down-slope
mass movement of earth resulting from any cause.
Subsurface soil information shall be obtained to deter-
mine if soils susceptible to a landslide that will cause
differential movement of the building foundation are
present at the site.

Slope stability shall be evaluated at sites with:

1. Existing slopes exceeding 18 degrees (three hori-
zontal to one vertical); and/or

2. Prior histories of instability (rotational or transla-
tional slides, or rock fall).

Use of pseudo-static analyses shall be permitted
to determine slope stability if the soils are not suscep-
tible to liquefaction based on Section 4.2.2.2 or other-
wise expected to lose shear strength during deforma-
tion. If soils are susceptible to liquefaction based on
Section 4.2.2.2 or are otherwise expected to lose shear
strength during deformation, dynamic analyses shall
be performed to determine slope stability.

Pseudo-static analyses shall use a seismic coeffi-
cient equal to Sys/5, to approximate one-half the peak
ground acceleration at the site associated with the
selected 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 fur-
ther stability analysis.

A sliding-block displacement analysis shall be
performed for sites with a static factor of safety of less
than 1.0. The displacement analysis shall determine
the magnitude of ground movement and its effect upon
the performance of the structure.

In addition to the effects of landslides that directly
undermine the building foundation, the effects of rock
fall or slide debris from adjacent slopes shall be evalu-
ated using approved procedures.

C4.2.2.4 Landsliding

If no blocks of rock are present at the site but a
cliff or steep slope is located nearby, then the likely
performance of the cliff under earthquake loading
should be evaluated. The earthquake loading condition
for cliff performance must be compatible with the
earthquake loading condition selected for the
Rehabilitation Objective for the building.

Some sites may be exposed to hazards from major
landslides moving onto the site from upslope, or retro-
gressive removal of support from downslope. Such
conditions should be identified during site characteri-
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zation, and may pose special challenges if adequate
investigation requires access to adjacent property.

4.2.2.5 Flooding or Inundation

For seismic rehabilitation of buildings for per-
formance levels higher than Life Safety, site informa-
tion shall be obtained to determine if the following
sources of earthquake-induced flooding or inundation
are present:

1. Dams located upstream, subject to damage by
earthquake shaking or fault rupture;

2. Pipelines, aqueducts, and water storage tanks
located upstream, subject to damage by fault
rupture, earthquake-induced landslides, or strong
shaking;

3. Coastal areas within tsunami zones or areas adja-
cent to bays or lakes, subject to seiche waves;
and/or

4. Low-lying areas with shallow groundwater, subject
to regional subsidence and surface ponding of
water, resulting in inundation of the site.

Damage to buildings from earthquake-induced
flooding or inundation shall be evaluated for its effect
upon the performance of the structure.

In addition to the effects of earthquake-induced
flooding or inundation, scour of building foundation
soils from swiftly flowing water shall be evaluated
using procedures approved by the authority having
jurisdiction.

4.3 MITIGATION OF SEISMIC-GEOLOGIC
SITE HAZARDS

Mitigation of seismic-geologic hazards identified in
Section 4.2 shall be accomplished through modifica-
tion of the structure, foundation, or soil conditions, or
by other methods approved by the authority having
jurisdiction. The structure, foundation, and soil for the
rehabilitated structure shall meet the acceptance crite-
ria for the appropriate chapters of this standard for the
selected Rehabilitation Objective.

C4.3 MITIGATION OF SEISMIC-GEOLOGIC
SITE HAZARDS

Opportunities exist to improve seismic performance
under the influence of some site hazards at reasonable
cost; however, some site hazards may be so severe that
they are economically impractical to include in risk-
reduction measures. The discussions presented in this

81



SEISMIC REHABILITATION OF EXISTING BUILDINGS

section are based on the concept that the extent of site
hazards is discovered after the decision for seismic
rehabilitation of a building has been made; however,
the decision to rehabilitate a building and the selec-
tion 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.

Possible mitigation strategies for seismic geo-
logic site hazards are presented in the following
sections.

1. Fault Rupture

If the structural performance of a building evalu-
ated for the calculated ground movement due to fault
rupture during earthquake fails to comply with the
requirements for the selected performance level, miti-
gation schemes should be employed that include one or
more of the following measures to achieve acceptable
performance: stiffening of the structure and/or its foun-
dation; strengthening of the structure and/or its founda-
tion; and modifications to the structure and/or its foun-
dation to distribute the effects of differential vertical
movement over a greater horizontal distance to reduce
angular distortion.

Large movements caused by fault rupture gener-
ally cannot be mitigated economically. If the structural
consequences of the estimated horizontal and vertical
displacements are unacceptable for any performance
level, either the structure, its foundation, or both,
might be stiffened or strengthened to reach acceptable
performance. Measures are highly dependent on spe-
cific structural characteristics and inadequacies. Grade
beams and reinforced slabs are effective in increasing
resistance to horizontal displacement. Horizontal
forces are sometimes limited by sliding friction capac-
ity of spread footings or mats. Vertical displacements
are similar in nature to those caused by long-term dif-
ferential settlement.

2. Liquefaction

If the structural performance of a building evalu-
ated for the calculated ground movement due to
liquefaction during an earthquake fails to comply
with the requirements for the selected performance
level, then one or more of the following mitigation
measures should be implemented to achieve accept-
able performance.

2.1 Modification of the Structure

The structure should be strengthened to improve
resistance against the predicted liquefaction-induced
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ground deformation. This solution may be feasible for
small ground deformations.

2.2 Modification of the Foundation

The foundation system should be modified to
reduce or eliminate the differential foundation dis-
placements by underpinning existing shallow founda-
tions to achieve bearing on deeper, nonliquefiable
strata or by stiffening a shallow foundation system by
a system of grade beams between isolated footings, or
any other approved method.

2.3 Modification of the Soil Conditions

One or more of the following ground improve-
ment techniques should be implemented to reduce or
eliminate the liquefaction under existing buildings:
soil grouting (either throughout the entire liquefiable
strata beneath a building, or locally beneath founda-
tion components); installation of drains; or installation
of permanent dewatering systems.

Other types of ground improvement widely used
for new construction are less applicable to existing
buildings because of the effects of the procedures on
the building. Thus, removal and replacement of lique-
fiable soil or in-place densification of liquefiable soil
by various techniques are not applicable beneath an
existing building.

2.4 Mitigation of the Lateral Spreading

Large soil volumes should be stabilized and/or
buttressing structures should be constructed.

If the potential for significant liquefaction-induced
lateral spreading movements exists at a site, then the
mitigation of the liquefaction hazard may be more dif-
ficult. This is because the potential for lateral spread-
ing 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.

3. Differential Compaction

If the structural performance of a building evalu-
ated for the calculated differential compaction during
earthquake fails to comply with the requirements for
the selected performance level, then one or more
mitigation measures similar to those recommended for
liquefaction should be implemented to achieve accept-
able performance.

4. Landslide

If the structural performance of a building evalu-
ated for the calculated ground movement due to
landslide during earthquake fails to comply with the



requirements for the selected performance level, then
one or more of the following mitigation measures
should be implemented to achieve acceptable
performance:

Regrading;

Drainage;

Buttressing;

Structural improvements:
Gravity walls;
Tieback/soil nail walls;
Mechanically stabilized earth walls;
Barriers for debris torrents or rock fall;
Building strengthening to resist deformation;
Grade beams; and
Shear walls.

Soil modification/replacement:
Grouting; and
Densification.

5. Flooding or Inundation

If the structural performance of a building evalu-
ated for the effects of earthquake-induced flooding
and inundation fails to comply with the require-
ments for the selected performance level, then
one or more of the following mitigating measures
should be implemented to achieve acceptable
performance:

1. Improvement of nearby dam, pipeline, or aque-
duct facilities independent of the rehabilitated
building;

2. Diversion of anticipated peak flood flows;

3. Installation of pavement around the building to
reduce scour; and

4. Construction of sea wall or breakwater for tsunami
or seiche protection.

4.4 FOUNDATION STRENGTH AND
STIFFNESS

Foundation strength and stiffness shall be determined
in accordance with this section.

C4.4 FOUNDATION STRENGTH AND
STIFFNESS

It is assumed that foundation soils are not susceptible
to significant strength loss due to earthquake loading.
In general, soils have considerable ductility unless
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they degrade significantly in stiffness and strength
under cyclic loading. With this assumption, the provi-
sions of this section provide an overview of the
requirements and procedures for evaluating the ability
of foundations to withstand the imposed seismic loads
without excessive deformations.

The amount of acceptable deformations for foun-
dations in such soils depends primarily on the effect of
the deformation on the structure, which in turn
depends on the desired Structural Performance
Level. However, foundation yield associated with
mobilization at upper-bound expected capacity dur-
ing earthquake loading may be accompanied by
progressive permanent foundation settlement during
continued cyclic loading, albeit in most cases this
settlement probably would be less than a few inches.
In general, if the real loads transmitted to the founda-
tion during earthquake loading do not exceed upper-
bound expected soil capacities, it can be assumed
that foundation deformations will be relatively
small.

Parametric analyses to cover uncertainties in soil
load—deformation characteristics are required. One
alternative is to perform the NSP or NDP because the
nonlinear load—deformation characteristics of the foun-
dations can be directly incorporated in these analyses
(Section 4.4.2). In static analyses, a somewhat conser-
vative interpretation of the results is recommended
because cyclic loading effects cannot be incorporated
directly.

4.4.1 Expected Capacities of Foundations

The expected capacity of foundation components
shall be determined by presumptive, prescriptive, or
site-specific methods as specified in Sections 4.4.1.1
through 4.4.1.3. Capacities shall be based on founda-
tion information obtained as specified in Section 4.2.1.

C4.4.1 Expected Capacities of Foundations

Design values recommended by geotechnical
engineers are generally consistent with lower-bound
values. It is important to obtain information on the
actual factor of safety applied to arrive at design val-
ues so that soil capacities are understood and expected
values can be properly derived.

4.4.1.1 Presumptive Capacities
4.4.1.1.1 Presumptive Capacities of Shallow
Foundations Calculation of presumptive expected

capacities for spread footings and mats shall be per-
mitted using the parameters specified in Table 4-2.
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4.4.1.1.2 Presumptive Capacities of Deep Foundations
It shall be permitted to determine pile and pier
capacity parameters using Table 4-3, 4-4, 4-5, and

Table 4-5 Typical Pile and Pier Capacity
Parameters: Friction Angle, 6 (degrees)

Table 4-6 Typical Pile and Pier Capacity

4-6. Parameters: Cohesion, c,, and Adhesion, ¢, (psf)

Table 4-3 Typical Pile and Pier Capacity

. . ities of Pil Piers i 1 il
Parameters: Bearing Capacity Factors, N, Capacities of Piles or Piers in Granular Soils

Calculation of presumptive expected capacities of
piles or piers in granular soils shall be permitted using
the procedure shown in Fig. 4-1.

Table 4-4 Typical Pile and Pier Capacity Parame-
ters: Effective Horizontal Stress Factors, Fy; and F;

Table 4-2. Parameters for Calculating Presumptive Expected Foundation Load Capacities of Spread
Footings and Mats

Lateral Bearing Lateral Sliding!

Vertical Foundation Pressure Lbs/Sq.

Pressure’ Ft/Ft of Depth Resistance®
Class of Materials® Lbs/Sq. Ft (¢.) Below Natural Grade* Coefficient® Lbs/Sq. Ft
Massive Crystalline Bedrock 8,000 2,400 0.80 —
Sedimentary and Foliated Rock 4,000 800 0.70 —
Sandy Gravel and/or Gravel (GW and GP) 4,000 400 0.70 —
Sand, Silty Sand, Clayey Sand,
Silty Gravel, and Clayey Gravel
(SW, SP, SM, SC, GM, and GC) 3,000 300 0.50 —
Clay, Sandy Clay, Silty Clay, and
Clayey Silt (CL, ML, MH, and CH) 2,0007 200 — 260

Lateral bearing and lateral sliding resistance shall be permitted to be combined.

*For soil classifications OL, OH, and PT (i.e., organic clays and peat), a foundation investigation shall be required.

3All values of expected bearing capacities are for footings having a minimum width of 12 in. and a minimum depth of 12 in. into natural grade.
Except where Footnote 7 applies, an increase of 20% is allowed for each additional foot of width or depth to a maximum value of three times the
designated value.

“Shall be permitted to be increased by the amount of the designated value for each additional foot of depth to a maximum of 15 times the desig-
nated value.

SCoefficient applied to the dead load.

‘Lateral sliding resistance value to be multiplied by the contact area. In no case shall the lateral sliding resistance exceed one-half of the

dead load.

"No increase for width shall be permitted.

Table 4-3. Typical Pile and Pier Capacity Parameters: Bearing Capacity Factors, N,

Angle of Shearing Resistance for Soil, ¢ (degrees)

Placement 26 28 30 31 32 33 34 35 36 37 38 39 40+
Driven Pile 10 15 21 24 29 35 42 50 62 77 86 120 145
Drilled Pier 5 8 10 12 14 17 21 25 30 38 43 60 72
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Table 4-4. Typical Pile and Pier Capacity Table 4-5. Typical Pile and Pier Capacity
Parameters: Effective Horizontal Stress Factors, F; Parameters: Friction Angle, 6 (degrees)
and F,
Pile or Pier Material o
1 1
Downward F; Upward F; Steel 20

Pile or Pier Type ~ Low High Low High Concrete 0.75 ¢

- - Timber 0.75 ¢
Driven H-Pile 0.5 1.0 0.3 0.5
Driven Straight
Prismatic Pile 1.0 1.5 0.6 1.0
Driven Tapered Pile 1.5 2.0 1.0 1.3
Driven Jetted Pile 0.4 0.9 0.3 0.6
Drilled Pier 0.7 0.7 0.4 0.4

'Expected values that are selected on the basis of conditions estab-
lished in accordance with Section 4.4.1.1 shall not fall outside the
range of values indicated by Low and High.

Table 4-6. Typical Pile and Pier Capacity Parameters: Cohesion, c,, and Adhesion, c, (psf)

. . . Cohesion, c¢,! Adhesion, c,!
Consistency of Soil (Approximate
Pile Material SPT Blow Count) Low High Low High
Timber and Concrete Very Soft (< 2) 0 250 0 250
Soft (2-4) 250 500 250 480
Medium Stiff (4-8) 500 1,000 480 750
Stiff (8—15) 1,000 2,000 750 950
Very Stiff (> 15) 2,000 4,000 950 1,300
Steel Very Soft (< 2) 0 250 0 250
Soft (2—-4) 250 500 250 460
Medium Stiff (4-8) 500 1,000 460 700
Stiff (8—15) 1,000 2,000 700 720
Very Stiff (> 15) 2,000 4,000 720 750

'Expected values that are selected on the basis of conditions established in accordance with Section 4.4.1.1 shall not fall outside the range of val-
ues indicated by Low and High

i Angle of
f 0, ., total upward capacity W A hgga?-i :-?g
Thickness ~Density Resistance
# 0, . total downward capacity L ¥,
: Zone of . p T
"¢ | negiigibie resisiarice = fs i
f L 7 ¢'|
f 208 Zone of L, Y, 0,
elc. elc. etc

k |'? B, Diameter

FIGURE 4-1. Presumptive Expected Capacities of Piles or Piers in Granular Soils.

85



SEISMIC REHABILITATION OF EXISTING BUILDINGS

Capacities of Piles or Piers in Cohesive Soils

Calculation of presumptive expected capacities of
piles or piers in cohesive soils shall be permitted using
the procedure shown in Fig. 4-2

C4.4.1.1.2 Presumptive Capacities of Deep Founda-
tions The calculation procedures for presumptive
expected capacities of piles or piers specified in this
section are adapted from ATC-40 (ATC 1996),
NAVFAC DM-7.01 (NAVFAC 1986a), and NAVFAC
DM-7.02 (NAVFAC 1986b).

4.4.1.2 Prescriptive Expected Capacities

Prescriptive expected capacities shall be used
where construction documents or previous geotechni-
cal reports for the existing building are available and
provide information on foundation soil design parame-
ters. Calculation of prescriptive expected capacities by
the following methods shall be permitted:

1. The prescriptive expected bearing capacity, ¢,, for a
spread footing shall be calculated using Eq. 4-1:

qdc = j)qallow (Eq 4'1)

where

Ga0w = allowable bearing pressure specified in
available documents for the gravity load
design of shallow foundations (dead plus
live loads);

2. For deep foundations, the prescriptive expected ver-
tical capacity, Q,, of individual piles or piers shall
be calculated using Eq. 4-2:

Qc = 3Qallow (Eq 4_2)

f Qm,-, e total upward capacity

where

O.w = allowable vertical capacity specified in
available documents for the gravity load
design of deep foundations (dead plus live
loads); and

3. Alternatively, the prescriptive expected capacity, g,
or Q,, of any foundation, shallow or deep, shall be
calculated using Eq. 4-3:

q.or Qc = 15QG (Eq 4'3)

where Q; = gravity load action as specified in
Section 3.2.8, expressed in terms of pressure or
load.

4.4.1.3 Site-Specific Capacities

For buildings where the methods specified in
Sections 4.4.1.1 and 4.4.1.2 do not apply, a subsur-
face geotechnical investigation shall be conducted to
determine expected ultimate foundation capacities
based on the specific characteristics of the building
site.

4.4.2 Load-Deformation Characteristics for
Foundations

If building foundations are explicitly modeled
in the mathematical model of the building, the
load—deformation characteristics shall be calculated in
accordance with Section 4.4.2.1 for shallow bearing
foundations, Section 4.4.2.2 for pile foundations, and
Section 4.4.2.3 for drilled shafts.

For explicit modeling of other types of founda-
tions, load—deformation characteristics shall be calcu-
lated by an approved method.

Soil Profile

Wt
Thickness Density  Adhesion

‘ 0., total downward capacity > ¥ Cy
Zone of L Y G

L
’ negligible . J ’
4 L i G
T * Lz Yg Cl

Toial !
length, A Zone of . . L
| i e T Eic, i, (=0
L f constant adhiesion

f ete, elc. etc.
f h T G

—

k k B, Diameter

FIGURE 4-2. Presumptive Expected Capacities of Piles or Piers in Cohesive Soils.
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Nonlinear behavior of foundations shall be repre-
sented by an equivalent elasto-plastic load—deforma-
tion relationship unless another approved relationship
is available.

Where foundation components are modeled
explicitly, the analysis shall be performed using
upper- and lower-bound load—deformation characteris-
tics of foundations as illustrated in Fig. 4-3(a) and
defined in this section. Where foundation components

Load
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are not modeled explicitly, the analysis shall be
bounded by the upper- and lower-bound foundation
capacity as defined in this section. In lieu of explicit
evaluation of uncertainties in foundation characteris-
tics, it shall be permitted to take the upper-bound stift-
ness and capacity values as two times the values given
in this section and the lower-bound stiffness and
capacity values as one-half of the values given in this
section.

Upper Bound Capacity

Calculated Capacity

Lower Bound Capacity

A\ 4

Deformation
g ksr
ZTITN

JV\{{\F
sh
ksy

Foundation load Uncoupled spring model

(b)

FIGURE 4-3. (a) Idealized Elasto-Plastic Load-Deformation Behavior for Soils; (b) Uncoupled Spring Model

for Rigid Footings.
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C4.4.2 Load-Deformation Characteristics for
Foundations

Load—-deformation characteristics are required
where the effects of foundations are to be taken into
account in LSPs or LDPs, NSPs (pushover), or
NDPs (time history). Foundation load—deformation
parameters characterized by both stiffness and capac-
ity can have a significant effect on both structural
response and load distribution among structural
components.

While it is recognized that the load—deformation
behavior of foundations is nonlinear, an equivalent
elasto-plastic representation of load—deformation
behavior is recommended because of the difficulties in
determining soil properties and the likely variability of
soils supporting foundations. In addition, to allow for
such variability or uncertainty, an upper- and lower-
bound approach to defining stiffness and capacity is
required to evaluate the sensitivity of the structural
response to these parameters.

The sources of this uncertainty include variations
due to rate of loading, assumed elasto-plastic soil
behavior, level of strain, cyclic loading, and variability
of soil properties. These sources of variability produce
results that are generally within a factor of two above
or below the expected value. It is conceivable that cer-
tain conditions will fall outside the bounds prescribed
in this standard. However, it is not the objective to
guarantee that the answer is always within the applied
factor. Instead, the intent is (1) that solution sensitivity
be identified; and (2) that the bounds, considered rea-
sonably, capture the expected behavior. Current prac-
tice (both conventional and within the nuclear indus-
try) has suggested that variation by a factor of two is
generally appropriate. Geotechnical engineers often
use a safety factor of two to establish lower-bound val-
ues for use in design. Consistent with the approach
taken in ASCE 4 (ASCE 1998), if additional testing is
performed, the range could be narrowed to that
defined by multiplying and dividing by (I + C,),
where the coefficient of variation, C,, is defined as the
standard deviation divided by the mean. In no case
should C, be taken to be less than 0.5.

It is important that geotechnical engineers report
the average results obtained and the actual factor of
safety applied to arrive at design values. The design
values recommended by geotechnical engineers are
generally consistent with the lower bound. If such
reduced values were used by the structural engineer as
expected values, the application of the prescribed
upper- and lower-bound variations would not achieve
the intended aim.
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Consideration of Foundation Rocking. Build-
ings may rock on their foundations in an acceptable
manner provided the structural components can
accommodate the resulting displacements and defor-
mations. Consideration of rocking can be used to limit
the force input to a building; however, rocking should
not be considered simultaneously with the effects of
soil flexibility.

The design professional is directed to FEMA 274
(FEMA 1997) and the work of Yim and Chopra
(1985), Housner (1963), Makris and Roussos (1998),
Priestley et al. (1978), and Makris and Konstantinidis
(2001) for additional information on rocking behavior.
In using those references two points of caution should
be noted: (1) Makris and Konstantinidis report that the
simple response-spectrum-based design method pro-
posed by Priestley should not be used as it is based on
an erroneous dynamic characterization of the rocking
problem; and (2) physical experiments conducted by
Priestley show that the common theoretical assump-
tion of perfectly inelastic collisions during rocking
overestimates the actual energy reduction.

4.4.2.1 Shallow Bearing Foundations

4.4.2.1.1 Stiffness Parameters The initial shear modu-
lus, G,, shall be calculated in accordance with Eq. 4-4
or 4-5 where v, is the shear wave velocity at low
strains, vy is the weight density of the soil, and g is the
acceleration due to gravity:

2
G,="" (Eq. 4-4)

G, = 20,000(N ) Vo, (Eq. 4-5)

where

(N))¢o = Standard Penetration Test blow count normal-
ized for an effective stress of 1.0 ton psf con-
fining pressure and corrected to an equivalent
hammer energy efficiency of 60%;

o, = effective vertical stress in psf;

o, =vd = v,(d—d,);

, =ytotal unit weight of soil;
7v,, = unit weight of water;
d = depth to sample; and
d,, = depth to groundwater level.

G, in Eq. 4-5 is expressed in Ibs/psf, as is ..
The effective shear modulus, G, shall be calcu-
lated in accordance with Table 4-7.
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Table 4-7. Effective Shear Modulus Ratio (G/G,)

Effective Peak Acceleration, Sys/2.5!

Site Class Sy/2.5=10 Sy/2.5 = 0.1 Sy/2.5 =04 Sys/2.5 = 0.8
A 1.00 1.00 1.00 1.00

B 1.00 1.00 0.95 0.90

C 1.00 0.95 0.75 0.60

D 1.00 0.90 0.50 0.10

E 1.00 0.60 0.05 *

F * * * %

'Use straight-line interpolation for intermediate values of Sy,/2.5.
*Site-specific geotechnical investigation and dynamic site response analyses shall be performed.

Based on relative stiffnesses of the foundation
structure and the supporting soil, the foundation stiff-
ness shall be calculated using one of the following
three methods:

C4.4.2.1.1 Stiffness Parameters Table 4-7 is consistent
with the site classification Tables 1-4 and 1-5 in that
the layout and level of complexity are identical, and
the indication of problem soils that require site-
specific investigation (site Class F) is consistent. The
following observations on the relationship between
shear modulus reduction and peak ground acceleration
can be made:

1. As the peak ground acceleration approaches zero,
the modulus reduction factor approaches unity;

2. Modulus reduction effects are significantly more
pronounced for softer soils; and

The modulus reduction factors given in both
FEMA 273 (FEMA 1997) and the FEMA 302 NEHRP
Recommended Provisions (FEMA 1997) overestimate
the modulus reduction effects for Site Classes A, B,
and C.

The shears and moments in foundation compo-
nents are conservative where such components are
considered rigid. However, soil pressures may be sig-
nificantly underestimated where foundation flexibility
is ignored. The flexibility and nonlinear response of
soil and of foundation structures should be considered
where the results would change.

For beams on elastic supports (e.g., strip footings
and grade beams) with a point load at midspan, the
beam may be considered rigid where:

E_ 2,8 (Eq. C4-1)
L4 3 sV q

The preceeding equation is generally consistent
with traditional beam-on-elastic foundation limits
(NAVFAC 1986b; Bowles 1988). The resulting soil
bearing pressures are within 3% of the results, includ-
ing foundation flexibility.

For rectangular plates (with plan dimensions L
and B, and thickness t, and mechanical properties E;
and v)) on elastic supports (for instance, mat founda-
tions or isolated footings) subjected to a point load in
the center, the foundation may be considered rigid
where:

5
4k, 2 T <0.03
m=1 n=1
[w“Df(? + E) ] + k,,
(Eq. C4-2)
where
E.F

—r (Eq. C4-3)

D, =
1201 = wp?

The above equation is based on Timoshenko’s
solutions for plates on elastic foundations
(Timeshenko and Woinowsky-Krieger 1959). The
general solution has been simplified by restriction
to a center load. Only the first five values of m and n
(in the infinite series) are required to achieve reason-
able accuracy.

4.4.2.1.2 Method 1 For shallow bearing footings that
are rigid with respect to the supporting soil, an uncou-
pled spring model, as shown in Fig. 4-3(b), shall rep-
resent the foundation stiffness.
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The equivalent spring constants shall be calcu-
lated as specified in Fig. 4-4.

C4.4.2.1.2 Method 1 Researchers have developed
spring stiffness solutions that are applicable to any
solid basemat shape on the surface of, or partially or
fully embedded in, a homogeneous halfspace. Such

solutions are reported in Gazetas (1991). The equa-
tions in Fig. 4-4 reflect the most common condi-
tions—rectangular foundations and rectangular strip
footings. Rather than taking the approach of ATC 40
(ATC 1996), in which equations for foundations of
arbitrary shape were adapted to the case of rectangular
foundations, the surface stiffness equations that appear

Degree of Freedom

Stiffness of Foundation at Surface

Note

Translation along y-axis

Translation along z-axis K.

Torsion about z-axis

0.65
Translation along x-axis K. = GB [3 4(L) +1 2]
wor = A5 .

0.75
=— CB 1.55| — L +0.8
1-v B

Rocking about x-axis Kosr = —— GB’ 0.4 = L +0.1
I-v B
Rocking about y-axis Koy = GB

3 L 2.4
= {0.47(] + 0.034}
1-v B
L 2.45
Ko = 033{0.53(3) +0.5 1}

Orient axes such that L>B. If L=B, use
x-axis equations for both x-axis and y-axis.

Degree of Freedom

Correction Factor for Embedment

Note

Translation along x-axis B = 1+0'21\P}[1+1'6[
' B

2 o)

Translation along y-axis

Translation along z-axis B

Rocking about x-axis
Rocking about y-axis

Torsion about z-axis

B d 0.9
p. =1+ 2.6[1+L)(BJ

st
ﬂ.u=1+2.5d[1+() \/ﬂ
st 3]

| T

7T
e
a0

d = height of effective sidewall
contact (may be less than total
foundation height)

h = depth to centroid of effective
sidewall contact

B+L
B+L

For each degree of freedom, calculate

Kemb = ﬂKsur

FIGURE 4-4. Elastic Solutions for Rigid Footing Spring Constraints.
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in Fig. 4-4 are those reported by Pais and Kausel

(1988) for the specific case of rectangular foundations.

These equations are used because they are somewhat
simpler than those that would result from an adapta-
tion of the equations in Gazetas (1991) and because
they are expected to be more accurate; Pais and
Kausel report that the largest error for these shape-
specific equations is expected to be “less than a

few percent.” Because Pais and Kausel report that
“only scarce data are available for the stiffnesses of
embedded rectangular foundations,” the embedment
correction factors shown in Fig. 4-4 are based on an
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adaptation of the general solutions presented in
Gazetas. Concerning these embedment factors,
Gazetas reports that “the errors that may result from
their use will be well within an acceptable 15 percent.”

Using Fig. 4-4, a two-step calculation process
is required. First, the stiffness terms are calculated
for a foundation at the surface. Then, an embed-
ment correction factor is calculated for each stiff-
ness term. The stiffness of the embedded foundation
is the product of these two terms. Figure C4-1 illus-
trates the effects of foundation aspect ratio and
embedment.

Shape Effect

MNorrnalized Stiffness

35

LB

Embedment Effect
LB =2, d=D/2)

DB

FIGURE C4-1. (a) Foundation Shape Effect; (b) Foundation Embedment Effect.
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According to Gazetas, the height of effective side-
wall contact, d, should be taken as the average height
of the sidewall that is in good contact with the sur-
rounding soil. It should, in general, be smaller than the
nominal height of contact to account for such phenom-
ena as slippage and separation that may occur near the
ground surface. Note that d will not necessarily attain
a single value for all modes of oscillation. Where d is
taken larger than zero, the resulting stiffness includes
sidewall friction and passive pressure contributions.

Although frequency-dependent solutions are avail-
able, results are reasonably insensitive to loading fre-
quencies within the range of parameters of interest for
buildings subjected to earthquakes. It is sufficient to
use static stiffnesses as representative of repeated load-
ing conditions.

4.4.2.1.3 Method 2 For shallow bearing foundations
that are not rigid with respect to the supporting soils, a
finite element representation of linear or nonlinear

foundation behavior using Winkler models shall be
used. Distributed vertical stiffness properties shall be
calculated by dividing the total vertical stiffness by the
area. Uniformly distributed rotational stiffness proper-
ties shall be calculated by dividing the total rotational
stiffness of the footing by the moment of inertia of the
footing in the direction of loading. Vertical and rota-
tional stiffnesses shall be decoupled for a Winkler
model. It shall be permitted to use the procedure illus-
trated in Fig. 4-5 to decouple these stiffnesses.

C4.4.2.1.3 Method 2 The stiffness per unit length in
these end zones is based on the vertical stiffness of a
B X B/6 isolated footing. The stiffness per unit length
in the middle zone is equivalent to that of an infinitely
long strip footing.

4.4.2.1.4 Method 3 For shallow bearing foundations
that are flexible relative to the supporting soil, the rel-
ative stiffness of foundations and supporting soil shall

. (Ieﬁgth) N
¥ —+<+—=+—B/6 End zone each side
B
(width) | x X
y
Plan Stiffness per unit length:
| | | | g™ 6.83 G for B/6 end zones
333 T3 37 £ 3EE AL, 078G e o
N D P DU 1-v
kend kmid kend
End zone Middle zone End zone
Section
l I, I l, I,

Component stiffnesses:

K =1k

I35z

K

1

Soil components

where k is the appropriate
stiffness per unit length for
the end zone or middle zone

K

5

FIGURE 4-5. Vertical Stiffness Modeling for Shallow Bearing Footings.
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be evaluated using theoretical solutions for beams and
plates on elastic supports, approved by the authority
having jurisdiction. The foundation stiffness shall be
permitted to be calculated by a decoupled Winkler
model using a unit subgrade spring coefficient. For
flexible foundation systems, the unit subgrade spring
coefficient, k, , shall be calculated by Eq. 4-6.

s

1.3G

kg, = Bl —v) (Eq. 4-6)

where

G = shear modulus;
B = width of footing; and
v = Poisson’s ratio.

4.4.2.1.5 Capacity Parameters The vertical expected
capacity of shallow bearing foundations shall be deter-
mined using the procedures of Section 4.4.1.

In the absence of moment loading, the expected
vertical load capacity, Q,, of a rectangular footing
shall be calculated by Eq. 4-7.

0. = q.BL (Eq. 4-7)

where

q. = expected bearing capacity determined in Sec-
tion 4.4.1;

B = width of footing; and

L = length of footing.
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The moment capacity of a rectangular footing
shall be calculated by Eq. 4-8:

LP
2 q.

P = vertical load on footing;

(Eq. 4-8)

where

P
= — = vertical bearing pressure;
q BL gp

B = width of footing (parallel to the axis of bending);
L = length of footing in the direction of bending; and
q. = expected bearing capacity determined in

Section 4.4.1.

The lateral capacity of shallow foundations shall
be calculated using established principles of soil
mechanics and shall include the contributions of trac-
tion at the bottom and passive pressure resistance on
the leading face. Mobilization of passive pressure shall
be calculated using Fig. 4-6.

C4.4.2.1.5 Capacity Parameters For rigid footings
subject to moment and vertical load, contact stresses
become concentrated at footing edges, particularly as
uplift occurs. The ultimate moment capacity, M,, is
dependent upon the ratio of the vertical load stress, g,
to the expected bearing capacity, g.. Assuming that
contact stresses are proportional to vertical displace-
ment and remain elastic up to the expected bearing

Passive Pressure Mobilization Curve
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FIGURE 4-6. Passive Pressure Mobilization Curve.

93



SEISMIC REHABILITATION OF EXISTING BUILDINGS

capacity, q,, it can be shown that uplift will occur prior

to plastic yielding of the soil where ¢/q. is less than 0.5.

If g/q. is greater than 0.5, then the soil at the toe will
yield prior to uplift. This is illustrated in Fig. C4-2.

For footings subjected to lateral loads, the base
traction strength is given by V.= C + Nu, where C is
the effective cohesion force (effective cohesion stress,
¢, times footing base area), N is the normal (compres-
sive) force, and w is the coefficient of friction. If
included, side traction is calculated in a similar man-
ner. The coefficient of friction is often specified by the
geotechnical consultant. In the absence of such a rec-
ommendation, u may be based on the minimum of the
effective internal friction angle of the soil and the fric-
tion coefficient between soil and foundation from pub-
lished foundation references. The ultimate passive
pressure strength is often specified by the geotechnical
consultant in the form of passive pressure coefficients
or equivalent fluid pressures. The passive pressure
problem has been extensively investigated for more
than 200 years. As a result, countless solutions and
recommendations exist. The method used should, at a
minimum, include the contributions of internal friction
and cohesion, as appropriate.

As shown in Fig. 4-6, the force—displacement
response associated with passive pressure resistance is
highly nonlinear. However, for shallow foundations,
passive pressure resistance generally accounts for

much less than half of the total strength. Therefore, it
is adequate to characterize the nonlinear response of
shallow foundations as elastic-perfectly plastic using
the initial, effective stiffness and the total expected
strength. The actual behavior is expected to fall
within the upper and lower bounds prescribed in this
standard.

4.4.2.2 Pile Foundations

A pile foundation shall be defined as a deep foun-
dation system composed of one or more driven or
cast-in-place piles and a pile cap cast-in-place over the
piles, which together form a pile group supporting one
or more load-bearing columns, or a linear sequence of
pile groups supporting a shear wall.

The requirements of this section shall apply to
piles less than or equal to 24 in. in diameter. The stiff-
ness characteristics of single large-diameter piles or
drilled shafts larger than 24 in. in diameter shall com-
ply with the requirements of Section 4.4.2.3.

4.4.2.2.1 Stiffness Parameters The uncoupled spring
model shown in Fig. 4-3(b) shall be used to represent
the stiffness of a pile foundation where the footing in
the figure represents the pile cap. In calculating the
vertical and rocking springs, the contribution of the
soil immediately beneath the pile cap shall be ne-
glected. The total lateral stiffness of a pile group shall
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FIGURE C4-2. Idealized Concentration of Stress at Edge of Rigid Footings Subjected to Overturning
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include the contributions of the piles (with an appro-
priate modification for group effects) and the passive
resistance of the pile cap. The lateral stiffness of piles
shall be based on classical methods or on analytical
solutions using approved beam-column pile models.
The lateral stiffness contribution of the pile cap shall
be calculated using the passive pressure mobilization
curve in Fig. 4-6.

Pile group axial spring stiffness values, k,,, shall
be calculated using Eq. 4-9.

N AE
kSV:E

— Eq. 4-
L (Eq. 4-9)

where

A = cross-sectional area of a pile;
E = modulus of elasticity of piles;
L = length of piles; and

N = number of piles in group.

The rocking spring stiffness values about each
horizontal pile cap axis shall be computed by model-
ing each pile axial spring as a discrete Winkler spring.
The rotational spring constant, k,, , (moment per unit

rotation) shall be calculated using Eq. 4-10:

N
ky = 2 k.S,

n=1

(Eq. 4-10)

where

k,, = axial stiffness of the n-th pile; and
S, = distance between n-th pile and axis of rotation.

C4.4.2.2.1 Stiffness Parameters As the passive pres-
sure resistance may be a significant part of the total
strength, and deep foundations often require larger lat-
eral displacements than shallow foundations to mobi-
lize the expected strength, it may not be appropriate to
base the force—displacement response on the initial,
effective stiffness alone. Instead, the contribution of
passive pressure should be based on the passive pres-
sure mobilization curve provided in Fig. 4-6.
Although the effects of group action and the influ-
ence 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 that must be considered in
accordance with Section 4.4.1.

4.4.2.2.2 Capacity Parameters The expected axial
capacity of piles in compression and tension shall be
determined using the procedures in Section 4.4.1. The
expected axial capacity in tension shall not exceed
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the lower-bound capacity of the foundation structural
components.

The moment capacity of a pile group shall be
determined assuming a rigid pile cap. Lower-bound
moment capacity shall be based on triangular distribu-
tion of axial pile loading and lower-bound axial capac-
ity of the piles. Upper-bound moment capacity shall
be based on a rectangular distribution of axial pile
load using full, upper-bound axial capacity of the
piles.

The lateral capacity of a pile group shall include
the contributions of the piles (with an appropriate
modification for group effects) and the passive resis-
tance of the pile cap. The lateral capacity of the piles
shall be calculated using the same method used to cal-
culate the stiffness. The lateral capacity of the pile cap,
due to passive pressure, shall be calculated using
established principles of soil mechanics. Passive pres-
sure mobilization shall be calculated using Fig. 4-6.

C4.4.2.2.2 Capacity Parameters The lateral capacity
of a pile cap should be calculated in the same way that
the capacity of a shallow foundation is computed,
except that the contribution of base traction should be
neglected. Section C4.4.2.1.5 provides a more detailed
description of the calculation procedure.

4.4.2.3 Drilled Shafts

The stiffness and capacity of drilled shaft founda-
tions and piers of diameter less than or equal to 24 in.
shall be calculated using the requirements for pile
foundations specified in 4.4.2.2. For drilled shaft
foundations and piers of diameter greater than 24 in.,
the capacity shall be calculated based on the interac-
tion of the soil and shaft where the soil shall be
represented using Winkler type models specified
in Section 4.4.2.2.

C4.4.2.3 Drilled Shafts

Where the diameter of the shaft becomes large
(>24 in.), 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.

4.4.3 Foundation Acceptance Criteria

The foundation soil shall comply with the accep-
tance criteria specified in this section. The structural
components of foundations shall meet the appropriate
requirements of Chapters 5 through 8. The foundation
soil shall be evaluated to support all actions, including
vertical loads, moments, and lateral forces applied to
the soil by the foundation.
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4.4.3.1 Simplified Rehabilitation

The foundation soil of buildings for which the
Simplified Rehabilitation Method is selected in accor-
dance with Section 2.3.1 shall comply with the
requirements of Chapter 10.

4.4.3.2 Linear Procedures

The acceptance criteria for foundation soil ana-
lyzed by linear procedures shall be based on the mod-
eling assumptions for the base of the structure speci-
fied in Section 4.4.3.2.1 or 4.4.3.2.2.

4.4.3.2.1 Fixed Base Assumption If the base of the
structure is assumed to be completely rigid, the foun-
dation soil shall be classified as deformation-
controlled. Component actions shall be determined by
Eq. 3-18. Acceptance criteria shall be based on

Eq. 3-20, m-factors for foundation soil shall be 3, and
the use of upper-bound component capacities shall be
permitted. A fixed base assumption shall not be used
for buildings being rehabilitated to the Immediate
Occupancy Performance Level that are sensitive to
base rotations or other types of foundation movement
that would cause the structural components to exceed
their acceptance criteria.

If the alternative overturning method described in
Section 3.2.10.1 is used, the foundation soil shall be
classified as force-controlled. Component actions shall
not exceed the calculated capacities and upper-bound
component capacities shall not be used.

4.4.3.2.2 Flexible Base Assumption If the base of the
structure is assumed to be flexible and is modeled
using linear foundation soil, then the foundation

soil shall be classified as deformation-controlled.
Component actions shall be determined by Eq. 3-18.
Soil strength need not be evaluated. Acceptability of
soil displacements shall be based on the ability of the
structure to accommodate these displacements within
the acceptance criteria for the selected Rehabilitation
Objective.

4.4.3.3 Nonlinear Procedures

The acceptance criteria for foundation soil ana-
lyzed by nonlinear procedures shall be based on the
modeling assumptions for the base of the structure
specified in Section 4.4.3.3.1 or 4.4.3.3.2.

4.4.3.3.1 Fixed Base Assumption If the base of the
structure is assumed to be completely rigid, then the
base reactions for all foundation soil shall be classified
as force-controlled, as determined by Eq. 3-19, and
shall not exceed upper-bound component capacities.
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A fixed base assumption shall not be used for build-
ings being rehabilitated for the Immediate Occupancy
Performance Level that are sensitive to base rotations
or other types of foundation movement that would
cause the structural components to exceed their
acceptance criteria.

4.4.3.3.2 Flexible Base Assumption If the base of the
structure is assumed to be flexible and is modeled
using flexible nonlinear foundation soil, then the foun-
dation soil shall be classified as deformation-
controlled and the displacements at the base of the
structure shall not exceed the acceptance criteria of
this section. For the Life Safety and Collapse
Prevention Structural Performance Levels, acceptabil-
ity of soil displacements shall be based on the ability
of the structure to accommodate these displacements
within the acceptance criteria for the selected
Rehabilitation Objective. For the Immediate
Occupancy Structural Performance Level, the perma-
nent, nonrecoverable displacement of the foundation
soil shall be calculated by an approved method based
on the maximum total displacement, foundation and
soil type, thickness of soil layers, and other pertinent
factors. The acceptability of these displacements shall
be based upon the ability of the structure to accommo-
date them within the acceptance criteria for the
Immediate Occupancy Structural Performance Level.

4.5 KINEMATIC INTERACTION AND
FOUNDATION DAMPING SOIL-STRUCTURE
INTERACTION EFFECTS

Where required by Section 3.2.6., soil-structure inter-
action effects shall be calculated in accordance with
Section 4.5.1 for kinematic interaction effects and
Section 4.5.2 for foundation damping effects.

C4.5 KINEMATIC INTERACTION AND
FOUNDATION DAMPING SOIL-STRUCTURE
INTERACTION EFFECTS

Foundation flexibility is covered in Section 4.4. SSI
effects that serve to reduce the shaking input to the
structure relative to the free-field motion (kinematic
interaction and damping) are covered in this section.
Procedures for calculating kinematic and damping
effects were taken from recommendations in FEMA
440 (FEMA 2005) and have been included in the
FEMA 368 (FEMA 2001) and FEMA 450 NEHRP
Recommended Provisions for Seismic Regulations for



New Buildings (FEMA 2004) for a number of years.
Further discussion of SSI effects can be found in
FEMA 440.

4.5.1 Kinematic Interaction

Kinematic interaction effects shall be represented
by ratio of response spectra (RRS) factors RRS,,,
for base slab averaging, and RRS, for embedment,
which are multiplied by the spectral acceleration ordi-
nates on the response spectrum calculated in accor-
dance with Section 1.6. Reduction of the response
spectrum for kinematic interaction effects shall be
permitted subject to the limitations in Sections 4.5.1.1
and 4.5.1.2.

4.5.1.1 Base Slab Averaging

The RRS factor for base slab averaging, RRS,,,,
shall be determined using Eq. 4-11 for each period of
interest. Alternatively, the RRS factor for base slab
averaging shall be determined from Fig. 4-7. Reduc-
tions for base slab averaging shall not be permitted for
buildings with the following characteristics:

1. Located on soft clay sites (site Classes E and F);

2. Floor and roof diaphragms classified as flexible,
and foundation components that are not laterally
connected;

1 b 1.2
RRS,, =1 (—e> = the value for 7= 0.2 sec

14100\ T
(Eq. 4-11)

Foundation/free-field RRS
from base slab averaging (RRS,,,)

0.7 - ) o 7
L =y Simplified Model
y b, =65t
0.6 - / — _ b=130f |
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o5+ ' b,=330ft
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Period (s)
FIGURE 4-7. Ratio of Response Spectra for Base
Slab Averaging, RRS,,.
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where

b, = effective foundation size, ft;

b, = \/CE;

T = fundamental period of the building, sec;

a = longitudinal dimension of full footprint of
building foundation, ft; and

b = transverse dimension of full footprint of

building foundation, ft.

C4.5.1.1 Base Slab Averaging

For base slab averaging effects to occur, founda-
tion components must be interconnected with grade
beams or concrete slabs. The method has not been rig-
orously studied for buildings on piles; however, it is
considered reasonable to extend the application to
pile-supported structures in which the pile caps are
in contact with the soil and are laterally connected to
one another.

4.5.1.2 Embedment

The RRS factor for embedment, RRS,, shall be
determined using Eq. 4-12 for each period of interest.
Reductions for embedment shall not be permitted for
buildings with the following characteristics:

1. Located on firm rock sites (site Classes A and B),
or soft clay sites (site Classes E and F); and

2. Foundation components that are not laterally
connected.

n V.Y

21e
RRS, = cos = the larger of 0.453 or the

RRS, value for 7= 0.2 sec (Eq. 4-12)
where

e = foundation embedment depth, feet. A min-
imum of 75% of the foundation footprint
shall be present at the embedment depth.
The foundation embedment for buildings
located on sloping sites shall be the shal-
lowest embedment;

v, = shear wave velocity for site soil condi-
tions, taken as average value of velocity to
a depth of b, below foundation, ft/sec;

n = shear wave velocity reduction factor;

n=VG/G,; and
G/G, = effective shear modulus ratio from
Table 4-7.
C4.5.1.2 Embedment

The embedment effect model was largely based

on studies of buildings with basements. The recom-
mendations can also be applied to buildings with
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embedded foundations without basements where the
foundation is laterally connected. However, the
embedment effect factor is not applicable to embedded
individual spread footings.

4.5.2 Foundation Damping Soil-Structure
Interaction Effects

The effects of foundation damping for nonlinear
analyses shall be represented by the effective damping
ratio of the structure-foundation system, 3, determined
in accordance with Eq. 4-13. Modification of the accel-
eration response spectrum calculated in accordance
with Section 1.6 using B, in lieu of the effective vis-
cous damping ratio, 3, shall be permitted except where:

1. Vertical lateral-force-resisting elements are spaced
at a distance less than the larger dimension of either
component in the direction under consideration;

2. vT/r./2m (where v, = average shear wave velocity
to a depth of r,) and the shear stiffness of founda-
tion soils increases with depth;

3. The soil profile consists of a soft layer overlying a
very stiff material, and the system period is greater
that the first-mode period of the layer.

B, = (Eq. 4-13)

( ,«f/ ,f)‘
where

B, = foundation-soil interaction damping ratio
defined in Eq. 4-14;
B = effective viscous damping ratio of the
building; and
Tfﬂ/ T, = effective period lengthening ratio defined
in Eq. 4-15.

The foundation damping due to radiation damp-
ing, B, shall be determined in accordance with
Eq. 4-14. Alternatively, foundation damping due to
radiation damping shall be approximated using
Fig. 4-8.

B;=a, T 1] +a, i 1 (Eq. 4-14)
eff eff

where

a, = c,exp(4.7 — 1.6h/ry);
a, = c,[25In(h/r,) — 16];

c,=15(/r) + 1;

h = effective structure height taken as the vertical
distance from the foundation to the centroid of
the first mode shape for multistory structures.
Alternatively, i shall be permitted to be approxi-
mated as 70% of the total structure height for
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multistory structures or as the full height of the
building for one-story structures;

N
Ewi¢i1 h;
TRt
E w; &
i=1

r, = equivalent foundation radius for rotation;

3(1 — v)K, /3
o 8G

K, = effective rotational stiffness of the foundation;

K;‘xed(h)z

2
Kfﬁ’ed Mﬁ(( ;-,T>’

M* = effective mass for the first mode.
Alternatively, it shall be permitted to take the
effective mass as 70% of the total building
mass, except where the mass is concentrated
at a single level, it shall be taken as the total
building mass;

|:§: (w; ¢il)/g:|2
e = 2 . i=1 .
¢ |:E W[/g:||:2 (W;(l"izl)/g]

i=1

W = total building weight;

w; = portion of the effective seismic weight located
on or assigned to floor level i

¢,; = first mode displacement at level i;

K, = effective translational stiffness of the foundation;

K 8 G
= r
X 2 — v X

G = effective shear modulus;

v = Poisson’s ratio; it shall be permitted to use 0.3
for sand and 0.45 for clay soils;

e = foundation embedment depth, ft;

r. = equivalent foundation radius for translation;

ry = VAf/W

A, = area of the foundation footprint if the foundation
components are interconnected laterally;



T = fundamental period of the building using a model
with a fixed base, sec; and

T = fundamental period of the building using a model
with a flexible base, sec.

The effective period lengthening ratio shall be
determined in accordance with Eq. 4-15.

~gﬂ 1 7\2 0.5
Eﬁ={1 +;|:<?> — 1:|} (Eq. 4-15)

w = expected ductility demand. For nonlinear proce-
dures, w is the maximum displacement divided
by the yield displacement (8,/A, for NSP). For
linear procedures, u is the maximum base shear
divided by the elastic base shear capacity.

~
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FIGURE 4-8. Approximations of Foundation
Damping, B;.
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C4.5.2 Foundation Damping Soil-Structure
Interaction Effects

Foundation damping effects tend to be important
for stiff structural systems such as shear walls and
braced frames, particularly where they are supported
on relatively soft soil sites such as site Classes D and
E. The procedure is conservative where foundation
aspect ratios exceed 2: 1, and where foundations are
deeply embedded (e/r, > 0.5), but is potentially
unconservative where wall and frame elements are
close enough so that waves emanating from distinct
foundations components destructively interfere with
each other across the period range of interest.

The damping ratios determined in accordance with
this section represent radiation damping effects only.
See FEMA 440 (FEMA 2005) for further discussion of
foundation damping SSI effects, including limitations.

4.6 SEISMIC EARTH PRESSURE

Building walls retaining soil shall be evaluated to
resist additional earth pressure due to seismic forces.
Unless otherwise determined from a site-specific geot-
echnical investigation, the seismic earth pressure act-
ing on a building wall retaining nonsaturated, level
soil above the ground water table shall be calculated
using Eq. 4-16:

Ap = 0.4k,yH,, (Eq. 4-16)

where

Ap = additional earth pressure due to seismic shaking,
which is assumed to be a uniform pressure;
k, = horizontal seismic coefficient in the soil, which
may be assumed equal to Sys/2.5;
v, = total unit weight of soil;
H,, = height of the retaining wall; and
Sys = spectral response acceleration parameter as
specified in Section 1.6.

The seismic earth pressure shall be added to the
unfactored static earth pressure to obtain the total earth
pressure on the wall. The wall shall be evaluated as a
force-controlled component using acceptance criteria
based on the type of wall construction and approved
methods.

C4.6 SEISMIC EARTH PRESSURE

Past earthquakes have not caused extensive damage to
building walls below grade. In some cases, however, it
is advisable to verify the adequacy of retaining walls
to resist increased pressure due to seismic loading.
These situations include walls of poor construction
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quality, unreinforced or lightly reinforced walls, walls
of archaic materials, unusually tall or thin walls, dam-
aged walls, or other conditions implying a sensitivity
to increased loads.

The expression in Eq. 4-16 is a simplified approx-
imation of the Mononobe-Okabe formulation. The
actual magnitude and distribution of pressure on walls
during earthquakes is very complex. If walls do not
have the apparent capacity to resist the pressures
estimated from the previously described approximate
procedures, detailed investigation by a qualified geo-
technical engineer is recommended. The seismic earth
pressure from this equation is added to the unfactored
static earth pressure, which includes pressure due to
soil, water, and surcharge loads.

Seismic earth pressures calculated in accordance
with this section are intended for use in checking
acceptability of local wall components and should not
be used to increase total base shear on the building.

4.7 FOUNDATION REHABILITATION

Foundation rehabilitation schemes shall be evaluated in
conjunction with any rehabilitation of the superstructure
and according to the general principles and require-
ments of this standard to assure that the complete reha-
bilitation achieves the selected building performance
level for the selected earthquake hazard level. Where
new rehabilitation components are used in conjunction
with existing components, the effects of differential
foundation stiffness on the modified structure shall be
demonstrated to meet the acceptance criteria. If existing
loads are not redistributed to all the components of the
rehabilitated foundation by shoring and/or jacking, the
effects of differential strengths and stiffnesses among
individual foundation components shall be included in
the analysis of the rehabilitated foundation. The effects
of rehabilitation on stiffness, strength, and deformability
shall be taken into account in an analytical model of the
rehabilitated structure. The compatibility of new and
existing components shall be checked at displacements
consistent with the performance level chosen.

C4.7 FOUNDATION REHABILITATION

Guidance for modification of foundations to improve
seismic performance is provided as follows:

Soil Material Improvements. Improvement in exist-
ing soil materials may be effective in the rehabilitation
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of foundations by achieving one or more of the
following results: (1) improvement in vertical bear-
ing capacity of footing foundations; (2) increase

in the lateral frictional resistance at the base of foot-
ings; and (3) increase in the passive resistance

of the soils adjacent to foundations or grade

beams.

Soil improvement options to increase the vertical
bearing capacity of footing foundations are limited.
Soil removal and replacement and soil vibratory densi-
fication usually are not feasible because they would
induce settlements beneath the footings or be expen-
sive to implement without causing settlement. Grout-
ing may be considered to increase bearing capacity.
Different grouting techniques are discussed in
FEMA 274 Section C4.3.2 (FEMA 1997). Compac-
tion grouting can achieve densification and strengthen-
ing of a variety of soil types and/or extend foundation
loads to deeper, stronger soils. The technique requires
careful control to avoid causing uplift of foundation
components or adjacent floor slabs during the grouting
process. Permeation grouting with chemical grouts can
achieve substantial strengthening of sandy soils, but
the more fine-grained or silty the sand, the less effec-
tive the technique becomes. Jet grouting could also be
considered. These same techniques also may be con-
sidered to increase the lateral frictional resistance at
the base of footings.

Soil improvement by the following methods may
be effective in increasing the passive resistance of
soils adjacent to foundations or grade beams: removal
and replacement of existing soils with stronger,
well-compacted soils or with treated (e.g., cement-
stabilized) soils; in-place mixing of existing soils
with strengthening materials (e.g., cement); grouting,
including permeation grouting and jet grouting; and
in-place densification by impact or vibratory com-
paction. In-place densification by impact or vibratory
compaction should be used only if the soil layers to
be compacted are not too thick and vibration effects
on the structure are tolerable.

Shallow Foundation Rehabilitation. The following
measures may be effective in the rehabilitation of shal-
low foundations:

1. New isolated or spread footings may be added to
existing structures to support new structural ele-
ments such as shear walls or frames.

2. Existing isolated or spread footings may be
enlarged to increase bearing or uplift capacity.
Consideration of existing contact pressures on the
strength and stiffness of the modified footing may



be required unless uniform distribution is achieved
by shoring and/or jacking.

3. Existing isolated or spread footings may be under-
pinned to increase bearing or uplift capacity.
Underpinning improves bearing capacity by lower-
ing the contact horizon of the footing. Consideration
of the effects of jacking and load transfer may be
required.

4. Uplift capacity may be improved by increasing the
resisting soil mass above the footing.

5. Mitigation of differential lateral displacement of dif-
ferent portions of a building foundation may be car-
ried out by provision of interconnection with grade
beams, reinforced grade slab, or ties.

Deep Foundation Rehabilitation. The following
measures may be effective in the rehabilitation of deep
foundation consisting of driven piles made of steel,
concrete, or wood, or cast-in-place concrete piers, or
drilled shafts of concrete.

Shallow foundation of spread footings or mats
may be provided to support new shear walls or frames
or other new elements of the lateral-force-resisting
system, provided the effects of differential foundation
stiffness on the modified structure are analyzed and
meet the acceptance criteria.

New wood piles may be provided for an existing
wood pile foundation. A positive connection should be
provided to transfer the uplift forces from the pile cap
or foundation above to the new wood piles. Existing
wood piles should be inspected for deterioration
caused by decay, insect infestation, or other signs of
distress prior to undertaking evaluation of existing
wood pile foundation.

Driven piles made of steel, concrete, or wood, or
cast-in-place concrete piers or drilled shafts of con-
crete, may be provided to support new structural ele-
ments such as shear walls or frames.

Driven piles made of steel, concrete, or wood, or
cast-in-place concrete piers or drilled shafts of con-
crete, may be provided to supplement the vertical and
lateral capacities of existing pile and pier foundation
groups.

5.0 STEEL
5.1 SCOPE
This chapter sets forth requirements for the Systematic
Rehabilitation of steel components of the lateral-force-

resisting system of an existing building. The require-
ments of this chapter shall apply to existing steel
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components of a building system, rehabilitated
steel components of a building system, and new
steel components added to an existing building
system.

Section 5.2 specifies data collection procedures
for obtaining material properties and performing con-
dition assessments. Section 5.3 specifies general
requirements. Sections 5.4, 5.5, 5.6, and 5.7 provide
modeling procedures, component strengths, accept-
ance criteria, and rehabilitation measures for steel
moment-resisting frames, steel braced frames, steel
plate shear walls, and steel frames with infills. Sec-
tion 5.8 provides modeling procedures, strengths,
acceptance criteria, and rehabilitation measures
for diaphragms used in steel structures. Section 5.9
specifies requirements for steel piles. Section 5.10
specifies requirements for components of cast or
wrought iron.

C5.1 SCOPE

Techniques for repair of earthquake-damaged steel
components are not included in this standard. The
design professional is referred to SAC Joint Venture
publications FEMA 351 (FEMA 2000) and FEMA
353 (FEMA 2000) for information on design, evalua-
tion, and repair of damaged steel moment-resisting
frame structures.

5.2 MATERIAL PROPERTIES AND CONDITION
ASSESSMENT

5.2.1 General

Mechanical properties for steel materials and
components shall be based on available construc-
tion documents and as-built conditions for the
particular structure as specified in Section 2.2.

Where such information fails to provide adequate
information to quantify material properties or docu-
ment the condition of the structure, such informa-
tion shall be supplemented by material tests and
assessments of existing conditions as required in
Section 2.2.6.

Material properties of existing steel components
shall be determined in accordance with Section 5.2.2.
A condition assessment shall be conducted in accor-
dance with Section 5.2.3. The extent of materials test-
ing and condition assessment performed shall be used
to determine the knowledge factor as specified in
Section 5.2.4.
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Use of default material properties shall be permit-
ted in accordance with Section 5.2.2.5. Use of mate-
rial properties based on historical information as
default values shall be permitted as specified in
Section 5.2.2.5.

C5.2.1 General

The extent of in-place materials testing and condi-
tion assessment that must be accomplished is related
to availability and accuracy of construction and as-
built records, the quality of materials used and con-
struction performed, and the physical condition of the
structure. 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 original construction.

Steel components of buildings include columns,
beams, braces, connections, link beams, and
diaphragms. 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, from before 1900 through the 1920s.
Cast iron was gradually replaced by wrought iron and
then by 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 FEMA 274 (FEMA 1997).

Great care should be exercised in selecting the
appropriate rehabilitation approaches and techniques
for application to historic buildings in order to pre-
serve their unique characteristics.

5.2.2 Properties of In-Place Materials and
Components

5.2.2.1 Material Properties

5.2.2.1.1 General The following component and con-
nection material properties shall be obtained for the
as-built structure:

1. Yield and tensile strength of the base material.

2. Yield and tensile strength of the connection
material.

3. Carbon equivalent of the base and connection
material.
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Structural steel components constructed after
1900 shall be classified based on ASTM specification
and material grade and, if applicable, shape group in
accordance with Table 5-2. Lower-bound material
properties shall be taken in accordance with Table 5-2
for material conforming to the specifications listed
therein. For material grades not listed in Table 5-2,
lower-bound material properties shall be taken as nom-
inal or specified properties, or shall be based on tests
where the material grade or specified value is not
known.

Where materials testing is required by Sec-
tion 2.2.6, test methods to determine ASTM
designation and material grade or to quantify mate-
rial properties shall be as specified in Sec-
tion 5.2.2.3.

The minimum number of tests shall comply with
the requirements of Section 5.2.2.4.

The carbon equivalent of the existing compo-
nents shall be determined to establish weldability
of the material, unless it is confirmed that either the
existing material conforms with a weldable material
specification or welding to existing components will
not be performed as part of the rehabilitation. The
welding procedures shall be determined based on the
chemistry of the base material and filler material as
specified in Section 8 of AWS D1.1 [American
Welding Society (AWS) 2002]. Material conforming
to ASTM A36/A36M-04 (ASTM 2004), ASTM
A242/A242M-03 (ASTM 2003), ASTM A307-02
(ASTM 2002), ASTM A572/572M-04 (ASTM 2004),
ASTM A913/A913M-01 (ASTM 2001), ASTM
A972/A972M-00 (ASTM 2000), and ASTM A992/
A992M-04 (ASTM 2004) shall be deemed to be
weldable.

5.2.2.1.2 Nominal Properties Nominal material prop-
erties specified in the American Institute of Steel
Construction (AISC) Load and Resistance Factor
Design Specification for Structural Steel Buildings
(LRFD) (AISC 1999), or properties specified in con-
struction documents, shall be taken as lower-bound
material properties. Corresponding expected material
properties shall be calculated by multiplying lower-
bound values by an appropriate factor taken from
Table 5-3 to translate from lower-bound to expected
values.

Where construction documents indicate the ulti-
mate tensile strength of weld metal, the lower-bound
strength of welds shall be taken as indicated in
AWS DI1.1 (AWS 2002). For construction predating
1970, use of a nominal ultimate tensile strength of
60 ksi shall be permitted.



C5.2.2.1 Material Properties

Mechanical properties of component and connec-
tion material dictate the structural behavior of the
component under load. Mechanical properties of
greatest interest include the expected and lower-bound
estimates of yield (F,,) and tensile (F,) strengths of
base and connection material, modulus of elasticity,
ductility, toughness, elongational characteristics, and
weldability.

Expected material properties should be used for
deformation-controlled actions. Lower-bound material
properties should be used for force-controlled actions
in lieu of nominal strengths specified in the Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC 1999).

5.2.2.2 Component Properties
The following properties of components and their
connections shall be obtained for the structure:

1. Size and thickness of connected materials, includ-
ing cover plates, bracing, and stiffeners;

2. Cross-sectional area, section moduli, moments of
inertia, and torsional properties of components at
critical sections;

3. As-built configuration of intermediate, splice, and
end connections; and

4. Current physical condition of base metal and con-
nector materials, including presence of deformation
and extent of deterioration.

Review of available construction documents shall
be performed to identify primary vertical- and lateral-
load-carrying elements and systems, critical compo-
nents and connections, and any modifications to com-
ponents or overall configuration of the structure.

In the absence of deterioration, use of the nominal
cross-sectional dimensions of components published by
the AISC, the American Iron and Steel Institute (AISI),
and other approved trade associations shall be permitted.

5.2.2.3 Test Methods to Quantify Properties

Laboratory testing of samples to determine in-place
mechanical properties of materials and components shall
be performed in compliance with consensus standards
published by ASTM, the American National Standards
Institute (ANSI), and other approved organizations.

The extent of in-place materials testing required
to determine material properties shall be based on the
data collection requirements in Section 2.2.6.

The determination of material properties shall be
accomplished through removal of samples and labora-
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tory testing. Sampling shall take place in regions
where the decreased section strength due to the sam-
pling remains higher than the capacity required at the
reduced section to resist the design loads. Alternately,
where the reduced section strength due to sampling
becomes lower than the required capacity, the lost sec-
tion shall be temporarily supported and restored by
repairs to the section.

If a connector such as a bolt or rivet is removed
for testing, a comparable bolt shall be reinstalled at the
time of sampling. Destructive removal of a welded
connection sample shall be accompanied by repair of
the connection.

Expected material properties shall be based on mean
test values. Lower-bound material properties shall be
based on mean test values minus one standard deviation,
except that where the material is positively identified as
conforming to a defined standard material specification,
lower-bound properties need not be taken less than the
nominal properties for that specification.

C5.2.2.3 Test Methods to Quantify Properties

FEMA 274 (FEMA 1997) provides information
and references for several test methods.

Sampling should take place in regions where the
calculated stresses (considering the lost section due to
sampling) for the applied loads is less than the allow-
able stress, where using allowable stress design
(ASD), and less than the capacity where using load
and resistance factor design (LRFD).

Of greatest interest to steel building system per-
formance are the expected yield and tensile strength of
the installed materials. Notch toughness of structural
steel and weld material is also important for connec-
tions that undergo cyclic loadings and deformations
during earthquakes. Chemical and metallurgical prop-
erties can provide information on properties such as
compatibility of welds with parent metal and potential
lamellar tearing due to through-thickness stresses.
Virtually all steel component elastic and inelastic limit
states are related to yield and tensile strengths. Past
research and accumulation of data by industry groups
have resulted in published material mechanical proper-
ties for most primary metals and their date of fabrica-
tion. Section 5.2.2.5 provides default properties. This
information may be used, together with tests from
recovered samples, to rapidly establish expected
strength properties for use in component strength and
deformation analyses.

Review of other properties derived from laboratory
tests, such as hardness, impact, fracture, and fatigue, is
generally not needed for steel component capacity
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determination, but may be required for archaic materi-
als and connection evaluation. These properties

may not be needed in the analysis phase if significant
rehabilitative measures are already known to be
required.

To quantify material properties and analyze the
performance of welded moment connections, more
extensive sampling and testing may be necessary. This
testing may include base and weld material chemical
and metallurgical evaluation, expected strength deter-
mination, hardness, and Charpy V-notch testing of the
heat-affected zone and neighboring base metal, and
other tests depending on connection configuration.

Recommendations given in FEMA 351 (FEMA
2000) may also be followed to select welding proce-
dures for welding of rehabilitative measures to existing
components.

5.2.2.4 Minimum Number of Tests

Materials testing is not required if material proper-
ties are available from original construction documents
that include material test records or material test reports.
If such properties differ from default material properties
given in Tables 5-1 and 5-2, material properties for reha-
bilitation shall be selected such that the largest demands
on components and connections are generated.

5.2.2.4.1 Usual Testing The minimum number of tests
to determine the yield and tensile strengths of steel
materials for usual data collection shall be based on
the following criteria:

1. If design drawings are incomplete or not available,
at least one strength coupon from each steel com-
ponent type shall be removed for testing, and one
weld metal sample for each component type shall
be obtained for testing. The sample shall consist of
both local base and weld metal to determine com-
posite strength of the connection.

2. If design drawings containing ASTM specification
and material grade information are available, use of
Table 5-2 to determine material properties shall be
permitted without additional testing.

3. If design drawings containing material property
information are available but the material properties
are not listed in Table 5-2, use of nominal or speci-
fied material properties shall be permitted without
additional testing.

5.2.2.4.2 Comprehensive Testing The minimum num-
ber of tests to determine the yield and tensile strengths
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of steel materials for comprehensive data collection
shall be based on the following criteria:

1. If original construction documents defining mate-
rial properties are inconclusive or do not exist, but
the date of construction is known and the material
used is confirmed to be carbon steel, at least
three strength coupons and three bolts and rivets
shall be randomly removed from each component
type.

2. If no knowledge of the structural system and mate-
rials used exists, at least two tensile strength
coupons and two bolts and rivets shall be removed
from each component type for every four floors or
every 200,000 sf. If it is determined from testing
that more than one material grade exists, additional
sampling and testing shall be performed until the
extent of each grade in component fabrication has
been established.

3. In the absence of construction records defining
welding filler metals and processes used, at
least one weld metal sample for each component
type shall be obtained for laboratory testing.

The sample shall consist of both local base and
weld metal to determine composite strength of
the connection.

4. For archaic materials, at least three strength
coupons shall be extracted for each component
type for every four floors or 200,000 sf of con-
struction. If initial tests provide material proper-
ties that are consistent with properties given in
Table 5-1, tests shall be required for every six
floors or 300,000 sf of construction only. If
these tests provide material properties that are
nonuniform, additional tests shall be performed
until the extent of different materials is
established.

For other material properties, a minimum of three
tests shall be conducted.

The results of any material testing performed shall
be compared to the default values in Tables 5-1 and
5-2 for the particular era of building construction. The
amount of testing shall be doubled if the expected and
lower-bound yield and tensile strengths determined
from testing are lower than the default values.

C5.2.2.4 Minimum Number of Tests
In order to quantify expected strength and other
properties accurately, a minimum number of tests
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Table 5-1. Default Lower-Bound Material Strengths for Archaic Materials'?

Lower-Bound Yield Lower-Bound Tensile
Year Material Strength, ksi Strength, ksi
Pre-1900 Cast Iron 18 —
Pre-1900 Steel 24 36

"Modified from unit stress values in AISC Iron and Steel Beams from 1873 to 1952 (AISC 1983).

Properties based on tables of allowable loads as published in mill catalogs.

may be required to be conducted on representative
components.

The evaluating engineer should exercise judgment to
determine how much variability of component sizes will
constitute a significant change in material properties. It is
likely that most of the sections of the same size within a
building have similar material properties. Differences in
material properties are more likely to occur due to differ-
ences in size groups, differences in specified material
properties (36 ksi versus 50 ksi), and differences in sec-
tion shapes. At a minimum, one coupon should be
removed from each nominal size of each wide-flange,
angle, channel, hollow structural section (HSS), and other
structural shape used as part of the lateral-force-resisting
system. Additional sampling should be done where large
variations in member sizes occur within the building and
where the building was constructed in phases or over
extended time periods where members may have come
from different mills or batches.

Material properties of structural steel vary much
less than those of other construction materials. In fact,
the expected yield and tensile stresses are usually con-
siderably higher than the nominal specified values. As
a result, testing for material properties of structural
steel may not be required. The properties of wrought
iron are more variable than those of steel. The strength
of cast iron components cannot be determined from
small sample tests, since component behavior is usu-
ally governed by inclusions and other imperfections.

If ductility and toughness are required at or near
the weld, the design professional may conservatively
assume that no ductility is available, in lieu of testing.
In this case the joint would have to be modified if
inelastic demands are anticipated and the possibility of
fractures cannot be tolerated. Special requirements for
welded moment frames are given in FEMA 351
(FEMA 2000).

If a higher degree of confidence in results is de-
sired, either the sample size shall be determined using
ASTM E22 (ASTM 1955) criteria, or the prior knowl-
edge of material grades from Section 5.2.2.5 should

be used in conjunction with approved statistical
procedures.

Design professionals may consider using
Bayesian statistics and other statistical procedures
contained in FEMA 274 (FEMA 1997) to gain
greater confidence in the test results obtained from
the sample sizes specified in this section.

5.2.2.5 Default Properties

The default lower-bound material properties for
steel components shall be as specified in Tables 5-1
and 5-2. Default expected strength material proper-
ties shall be determined by multiplying lower-
bound values by an appropriate factor taken from
Table 5-3.

Use of default material properties to determine
component and connection strengths shall be permitted
in conjunction with the linear analysis procedures of
Chapter 3.

5.2.3 Condition Assessment

5.2.3.1 General

A condition assessment of the existing building
and site shall be performed as specified in this sec-
tion. A condition assessment shall include the
following:

1. The physical condition of primary and secondary
components shall be examined and the presence of
any degradation shall be noted;

2. Verification of the presence and configuration
of structural elements and components and
their connections, and the continuity of load
paths between components, elements, and
systems; and

3. Identification of other conditions including the
presence of nonstructural components that influ-
ence building performance and impose limitations
on rehabilitation.
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Table 5-2. Default Lower-Bound Material Strengths!~

Tensile Strength’,  Yield Strength?,
Date Specification Remarks ksi ksi
1900 ASTM A9 Rivet Steel 50 30
Buildings Medium Steel 60 35
1901-1908 ASTM A9 Rivet Steel 50 25
Buildings Medium Steel 60 30
1909-1923 ASTM A9 Structural Steel 55 28
Buildings Rivet Steel 46 23
1924-1931 ASTM A7 Structural Steel 55 30
Rivet Steel 46 25
ASTM A9 Structural Steel 55 30
Rivet Steel 46 25
1932 ASTM A140-32T issued as a tentative revision  Plates, Shapes, Bars 60 33
to ASTM A9 (Buildings) Eyebar Flats 67 36
(Unannealed)
1933 ASTM A140-32T discontinued and ASTM A9 Structural Steel 55 30
(Buildings) revised Oct. 30, 1933
ASTM A0 tentatively revised to ASTM Structural Steel 60 33
A9-33T (Buildings)
ASTM A141-32T adopted as a standard Rivet Steel 52 28
1934—Present ~ ASTM A9 Structural Steel 60 33
ASTM Al141 Rivet Steel 52 28
1961-1990 ASTM A36/A36M-04 Structural Steel
Group 1 62 44
Group 2 59 41
Group 3 60 39
Group 4 62 37
Group 5 70 41
1961—Present ~ ASTM A572/A572M-04, Grade 50 Structural Steel
Group 1 65 50
Group 2 66 50
Group 3 68 51
Group 4 72 50
Group 5 77 50
1990—-Present ~ ASTM A36/A36M-04 and Dual Grade Structural Steel
Group 1 66 49
Group 2 67 50
Group 3 70 52
Group 4 70 49
1998—Present ~ ASTM A992/A992M-04 Structural Steel 65 50

"Lower-bound values for material prior to 1960 are based on minimum specified values. Lower-bound values for material after 1960 are mean
minus one standard deviation values from statistical data.

Properties based on ASTM and AISC Structural Steel Specification Stresses.
3The indicated values are representative of material extracted from the flanges of wide flange shapes.

106



ASCE/SEI 41-06

Table 5-3. Factors to Translate Lower-Bound Steel Properties to Expected-Strength Steel Properties

Property Year Specification Factor
Tensile Strength Prior to 1961 1.10
Yield Strength Prior to 1961 1.10
Tensile Strength 1961-1990 ASTM A36/A36M-04 1.10
1961-Present ASTM A572/A572M-04, Group 1 1.10
ASTM A572/A572M-04, Group 2 1.10
ASTM A572/A572M-04, Group 3 1.05
ASTM A572/A572M-04, Group 4 1.05
ASTM A572/A572M-04, Group 5 1.05
1990-Present ASTM A36/A36M-04 and Dual Grade, Group 1 1.05
ASTM A36/A36M-04 and Dual Grade, Group 2 1.05
ASTM A36/A36M-04 and Dual Grade, Group 3 1.05
ASTM A36/A36M-04 and Dual Grade, Group 4 1.05
1998—Present ASTM A992/A992M-04 1.10
Yield Strength 1961-1990 ASTM A36/A36M-04 1.10
1961-Present ASTM A572/A572M-04, Group 1 1.10
ASTM A572/A572M-04, Group 2 1.10
ASTM A572/A572M-04, Group 3 1.05
ASTM A572/A572M-04, Group 4 1.10
ASTM A572/A572M-04, Group 5 1.05
1990-Present ASTM A36/A36M-04, Plates 1.10
ASTM A36/A36M-04 and Dual Grade, Group 1 1.05
ASTM A36/A36M-04 and Dual Grade, Group 2 1.10
ASTM A36/A36M-04 and Dual Grade, Group 3 1.05
ASTM A36/A36M-04 and Dual Grade, Group 4 1.05
1998—Present ASTM A992/A992M-04 1.10
Tensile Strength All Not Listed ! 1.10
Yield Strength All Not Listed ! 1.10

"For materials not conforming to one of the listed specifications.

C5.2.3.1 General

The physical condition of existing components
and elements and their connections must be examined
for degradation. Degradation may include environmen-
tal effects (e.g., corrosion, fire damage, chemical
attack) or past or current loading effects (e.g., over-
load, damage from past earthquakes, fatigue, fracture).
The condition assessment should also examine for
configurational problems observed in recent earth-
quakes, including effects of discontinuous compo-
nents, improper welding, and poor fit-up.

Component orientation, plumbness, and physical
dimensions should be confirmed during an assessment.
Connections in steel components, elements, and sys-
tems require special consideration and evaluation. The
load path for the system must be determined, and each
connection in the load path(s) must be evaluated. This
includes diaphragm-to-component and component-to-
component connections. FEMA 351 (FEMA 2000)
provides recommendations for inspection of welded
steel moment frames.

The condition assessment also affords an opportu-
nity to review other conditions that may influence steel
elements and systems and overall building perform-
ance. Of particular importance is the identification of
other elements and components that may contribute to
or impair the performance of the steel system in ques-
tion, including infills, neighboring buildings, and
equipment attachments. Limitations posed by existing
coverings, wall and ceiling space, infills, and other
conditions shall also be defined such that prudent
rehabilitation measures may be planned.

5.2.3.2 Scope and Procedures

The condition assessment shall include visual
inspection of accessible structural elements and com-
ponents involved in lateral-load resistance to verify
information shown on available documents.

If coverings or other obstructions exist, either
partial visual inspection through use of drilled holes
and a fiberscope shall be used, or complete visual
inspection shall be performed by local removal of
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covering materials. Where required by Section 2.2.6,
the following shall be performed for visual and com-
prehensive condition assessments:

C5.2.3.2 Scope and Procedures

For steel elements encased in concrete, it may be
more cost-effective to provide an entirely new lateral-
load-resisting system than undertaking a visual inspec-
tion by removal of concrete encasement and repair.

Physical condition of components and connectors
may also dictate the use of certain destructive and
nondestructive test methods. If steel elements are cov-
ered by well-bonded fireproofing materials or are
encased in durable concrete, it is likely that their con-
dition will be suitable. However, local removal of
these materials at connections should be performed as
part of the assessment. The scope of this removal
effort 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 the configuration matches
the design drawings. However, for moment frames, it
may be necessary to expose more connection points
because of varying designs and the critical nature of
the connections. See FEMA 351 (FEMA 2000) for
inspection of welded moment frames.

5.2.3.2.1 Visual Condition Assessment If detailed
design drawings exist, at least one connection of each
connection type shall be exposed. If no deviations
from the drawings exist, the sample shall be consid-
ered representative. If deviations from the existing
drawings exist, then removal of additional coverings
from connections of that type shall be done until the
extent of deviations is determined.

5.2.3.2.2 Comprehensive Condition Assessment In the
absence of construction drawings, at least three con-
nections of each type shall be exposed for the primary
structural components. If no deviations within a con-
nection group are observed, the sample shall be con-
sidered representative. If deviations within a connec-
tion group are observed, then additional connections
shall be exposed until the extent of deviations is
determined.

5.2.3.3 Basis for the Mathematical Building
Model

The results of the condition assessment shall be
used to create a mathematical building model.

If no damage, alteration, or degradation is ob-
served in the condition assessment, component
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section properties shall be taken from design draw-
ings. If some sectional material loss or deteriora-
tion has occurred, the loss shall be quantified by
direct measurement and section properties shall be
reduced accordingly using principles of structural
mechanics.

5.2.4 Knowledge Factor

A knowledge factor (k) for computation of steel
component capacities and permissible deformations
shall be selected in accordance with Section 2.2.6.4
with the following additional requirements specific to
steel components.

A knowledge factor of 0.75 shall be used if the
components and their connectors are composed of cast
or wrought iron.

5.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

5.3.1 Stiffness
Component stiffnesses shall be calculated in
accordance with Sections 5.4 through 5.10.

5.3.2 Design Strengths and Acceptance Criteria

5.3.2.1 General

Classification of steel component actions as
deformation- or force-controlled, and calculation of
design strengths, shall be as specified in Sections 5.4
through 5.9.

5.3.2.2 Deformation-Controlled Actions

Design strengths for deformation-controlled
actions, Q, shall be taken as expected strengths
obtained experimentally or calculated using accepted
principles of mechanics. Expected strength shall be
defined as the mean maximum resistance expected
over the range of deformations to which the compo-
nent is likely to be subjected. Where calculations
are used to determine mean expected strength,
expected material properties (including strain harden-
ing) shall be used. Unless other procedures are speci-
fied in this standard, procedures contained in Load
and Resistance Factor Design Specification for
Structural Steel Buildings (AISC 1999) to calculate
design strength shall be permitted, except that the
strength reduction factor, ¢, shall be taken as unity.
Deformation capacities for acceptance of deformation-
controlled actions shall be as specified in Sections 5.4
through 5.10.



5.3.2.3 Force-Controlled Actions

Design strengths for force-controlled actions, Q;,
shall be taken as lower-bound strengths obtained
experimentally or calculated using established princi-
ples of mechanics. Lower-bound strength shall be
defined as mean strength minus one standard devia-
tion. Where calculations are used to determine lower-
bound strength, lower-bound material properties
shall be used. Unless other procedures are specified
in this standard, procedures contained in Load
and Resistance Factor Design Specification for
Structural Steel Buildings (LRFD) (AISC 1999) to
calculate design strength shall be permitted, except
that the strength reduction factor, ¢, shall be taken as
unity. Where alternative definitions of design strength
are used, they shall be justified by experimental
evidence.

5.3.2.4 Anchorage to Concrete

Connections of steel components to concrete com-
ponents shall comply with the provisions of this chap-
ter and Chapter 6 for determination of strength and
classification of actions as deformation-controlled or
force-controlled.

The strength of connections between steel
components and concrete components shall be
the lowest value obtained for the limit states of the
strength of the steel components, strength of the
connection plates, and strength of the anchor
bolts.

The strength of column base plates shall be the
lowest strength calculated based on the following limit
states: expected strength of welds or bolts; expected
bearing stress of the concrete; and expected yield
strength of the base plate.

The strength of the anchor bolt connection
between the column base plate and the concrete shall
be the lowest strength calculated based on the follow-
ing limit states: shear or tension yield strength of the
anchor bolts; loss of bond between the anchor bolts
and the concrete; or failure of the concrete. Anchor
bolt strengths for each failure type or limit state shall
be calculated in accordance with ACI 318 (ACI 2002),
using ¢ = 1.0, or other procedures approved by the
authority having jurisdiction.

For column base plate yielding, bolt yielding, and
weld failure, the use of m-factors from Table 5-5,
based on the respective limit states for partially
restrained end plates, shall be permitted. Column base
connection limit states controlled by anchor bolt fail-
ure modes governed by the concrete shall be consid-
ered force-controlled.
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5.3.3 Rehabilitation Measures

Upon determining that steel elements in an existing
building are deficient for the selected Rehabilitation
Objective, these elements shall be rehabilitated or
replaced so they are no longer deficient. If replacement of
the element is selected, the new element shall be
designed in accordance with this standard and detailed
and constructed in accordance with a building code
approved by the authority having jurisdiction.

5.4 STEEL MOMENT FRAMES

5.4.1 General

The behavior of steel moment-resisting frames is
generally dependent on the connection configuration and
detailing. Table 5-4 identifies the various connection
types for which acceptance criteria are provided.
Modeling procedures, acceptance criteria, and rehabilita-
tion measures for Fully Restrained (FR) Moment Frames
and Partially Restrained (PR) Moment Frames shall be
as defined in Sections 5.4.2 and 5.4.3, respectively.

C5.4.1 General

Steel moment frames are those frames that
develop their seismic resistance through bending of
steel beams and columns, and moment-resisting
beam—column connections. A moment-resisting
beam—column connection is one that is designed to
develop moment resistance at the joint between the
beam and the column and also designed to develop the
shear resistance at the panel zone of the column.
Beams and columns consist of either hot-rolled steel
sections or cold-formed steel sections or built-up
members from hot-rolled or cold-formed plates and
sections. Built-up members are assembled by riveting,
bolting, or welding. The components are either bare
steel or steel with a nonstructural coating for protec-
tion from fire or corrosion, or both, or steel with either
concrete or masonry encasement.

Following the 1994 Northridge earthquake, the
SAC Joint Venture undertook a major program to
address the issue of the seismic performance of
moment-resisting steel frame structures. This program
produced several documents which provide recom-
mended criteria for the evaluation and upgrade of this
building type. However, the design professional should
be cautioned that there are some differences in the
methodologies and specifics of this standard and the
SAC procedures. While both methodologies utilize
similar analysis procedures, there are some variations
in the factors used to compute the pseudo-lateral load
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Table 5-4. Steel Moment Frame Connection Types

Connection Description'? Type

Welded Unreinforced Flange Full-penetration welds between beam and columns, flanges, bolted or welded web, FR

(WUF) designed prior to code changes following the Northridge earthquake

Bottom Haunch in WUF Welded bottom haunch added to existing WUF connection with composite slab® FR

with Slab

Bottom Haunch in WUF Welded bottom haunch added to existing WUF connection without composite slab® FR

without Slab

Welded Cover Plate in WUF Welded cover plates added to existing WUF connection? FR

Improved WUF—Bolted Web Full-penetration welds between beam and column flanges, bolted web* FR

Improved WUF—Welded Web  Full-penetration welds between beam and column flanges, welded web* FR

Free Flange Web is coped at ends of beam to separate flanges, welded web tab resists shear and FR
bending moment due to eccentricity due to coped web*

Welded Flange Plates Flange plate with full-penetration weld at column and fillet welded to beam flange? FR

Reduced Beam Section Connection in which net area of beam flange is reduced to force plastic hinging away FR
from column face*

Welded Bottom Haunch Haunched connection at bottom flange only* FR

Welded Top and Bottom Haunched connection at top and bottom flanges* FR

Haunches

Welded Cover—Plated Flanges  Beam flange and cover-plate are welded to column flange* FR

Top and Bottom Clip Angles Clip angle bolted or riveted to beam flange and column flange PR

Double Split Tee Split tees bolted or riveted to beam flange and column flange PR

Composite Top and Clip Clip angle bolted or riveted to column flange and beam bottom flange with PR

Angle Bottom composite slab

Bolted Flange Plates Flange plate with full-penetration weld at column and bolted to beam flange* PR’

Bolted End Plate Stiffened or unstiffened end plate welded to beam and bolted to column flange PR’

Shear Connection with Slab Simple connection with shear tab, composite slab PR

Shear Connection without Slab ~ Simple connection with shear tab, no composite slab PR

"Where not indicated otherwise, definition applies to connections with bolted or welded web.
2Where not indicated otherwise, definition applies to connections with or without composite slab.

3Full-penetration welds between haunch or cover plate to column flange conform to the requirements of the AISC 341 Seismic Provisions for

Structural Steel Buildings (AISC 2002).
“Full-penetration welds conform to the requirements of the AISC 341 Seismic Provisions for Structural Steel Buildings (AISC 2002).
SFor purposes of modeling, the connection may be considered FR if it meets the strength and stiffness requirements of Section 5.4.2.1.
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Table 5-5. Acceptance Criteria for Linear Procedures—Structural Steel Components

m-Factors for Linear Procedures

Primary Secondary

Component/Action 10 LS Cp LS CP
Beams—Flexure

b 32 afo 8 2 6 8 10 12
a Lt =——and— = —

2th \/Re Z, \/ ye

b, 65 h 640
b tz—o—=—+ 1.25 2 3 3 4

2, VF, t, F,

Columns—Flexure '!-1?
For P/P,, < 0.2

b. =+ =—+=
Zlf F:ve w F;’F
c. Other

For 0.2 = P/P, = 0.5

a —=——and— = ——=
2tV F, t, F,
b by _ 65 h _ 400
= ——or—=—=
2tf E’e t“ Ee
c. Other

Column Panel Zones— Shear

Linear interpolatio n between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lowest

resulting value shall be used.

1.25

1.25

2

10

2

12

3

Linear interpolation between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lowest

resulting value shall be used.

1.25

1.25

1.25

1.5

2

2

Linear interpolation between the values on lines a and b for both flange slenderness
(first term) and web slenderness (second term) shall be performed, and the lowest

resulting value shall be used.

1.5

Fully Restrained Moment Connections'*

WUF!*

Bottom Haunch in WUF with Slab
Bottom Haunch in WUF without Slab
Welded Cover Plate in WUF!3
Improved WUF—Bolted Web'3
Improved WUF—Welded Web

Free Flange'

Reduced Beam Section'?

Welded Flange Plates
a. Flange Plate Net Section
b. Other Limit States

Welded Bottom Haunch
Welded Top and Bottom Haunch
Welded Cover—Plated Flanges

1.0
2.3
1.8
3.9 —0.0594
2.0 — 0.016d
3.1
4.5 — 0.065d
3.5 —0.016d

2.5

Force-controlled

2.3
24
2.5

8

4.3 — 0.083d
2.7
2.1
4.3 —0.067d
2.3 - 0.021d
4.2
6.3 — 0.0984
4.9 — 0.025d

33

3.1
3.1
2.8

11

3.9 — 0.043d
3.4
25
5.4 — 0.090d
3.1 —0.032d
53
8.1 —0.129d
6.2 — 0.032d

4.1

3.8
39
3.4

12

4.3 — 0.048d
3.8
2.8
5.4 — 0.090d
4.9 — 0.0484
53
8.4 — 0.129d
6.5 — 0.025d

5.7

4.6
4.7
3.4

12

5.5 — 0.064d
4.7
33
6.9 —0.118d
6.2 — 0.065d
6.7
11.0 — 0.172d
8.4 —0.032d

7.3

59
6.0
4.2

continued
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Table 5-5. (Continued)

m-Factors for Linear Procedures

Primary Secondary

Component/Action 10 LS CP LS CP

Partially Restrained Moment Connections

Top and Bottom Clip Angle’

a. Shear Failure of Rivet or Bolt 1.5 4 6 6 8
(Limit State 1)8

b. Tension Failure of Horizontal Leg 1.25 1.5 2 1.5 2
of Angle (Limit State 2)

c. Tension Failure of Rivet or Bolt 1.25 1.5 2.5 4 4
(Limit State 3)8

d. Flexural Failure of Angle 2 5 7 7 14
(Limit State 4)

Double Split Tee’

a. Shear Failure of Rivet or Bolt 1.5 4 6 6 8
(Limit State 1)8

b. Tension Failure of Rivet or Bolt 1.25 1.5 2.5 4 4
(Limit State 2)3

c. Tension Failure of Split Tee Stem 1.25 1.5 2 1.5 2
(Limit State 3)

d. Flexural Failure of Split Tee 2 5 7 7 14
(Limit State 4)

Bolted Flange Plate’

a. Failure in Net Section of Flange 1.5 4 5 4 5
Plate or Shear Failure of Bolts
or Rivets®

b. Weld Failure or Tension Failure on 1.25 1.5 2 1.5 2
Gross Section of Plate

Bolted End Plate

a. Yield of End Plate 2 5.5 7 7 7

b. Yield of Bolts 1.5 2 3 4 4

c. Failure of Weld 1.25 1.5 2 3 3

Composite Top and Clip Angle Bottom’

a. Failure of Deck Reinforcement 1.25 2 3 4 6

b. Local Flange Yielding and Web 1.5 4 6 5 7
Crippling of Column

c. Yield of Bottom Flange Angle 1.5 4 6 6 7

d. Tensile Yield of Rivets or Bolts 1.25 1.5 2.5 2.5 35
at Column Flange

e. Shear Yield of Beam Flange 1.25 2.5 3.5 3.5 4.5
Connections

Shear Connection with Slab'? 2.4 = 0.011d,, — — 13.0 — 0.2904,, 17.0 — 0.387d,,

Shear Connection without Slab'3 8.9 — 0.193d,, — — 13.0 = 0.290d,, 17.0 — 0.387d,,

EBF Link Beam%®

1.6 M
a e=—— 1.5 9 13 13 15
VCE
e = 2.6 My Same as for beams.
Vee
c. 1.6 Me <e< 2.0 Moy Linear interpolation shall be used.
CE CE
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m-Factors for Linear Procedures

Primary Secondary

Component/Action 10 LS CPp LS CP
Braces in Compression (except EBF braces)
a. Slender!®

KTI = 42VE/Fy
1. W, I, 2L in-plane'®, 2C in-plane'® 1.25 6 8 7 9
2. 2L out-of-plane'®, 2C out-of-plane!'¢ 1.25 5 7 6 8
3. HSS, pipes, tubes 1.25 5 7 6 8
b. Stocky!>!7

Kl

- = 2.1VE/Fy
1. W, I, 2L in-plane'®, 2C in-plane'® 1.25 5 7 6 8
2. 2L out-of-plane'®, 2C out-of-plane!® 1.25 4 6 5 7
3. HSS, pipes, tubes 1.25 4 6 5 7
c. Intermediate Linear interpolation between the values for slender and stocky braces (after

application of all applicable modifiers) shall be used.

Braces in Tension (except 1.25 6 8 8 10
EBF Braces)"
Beams, Columns in Tension 1.25 3 5 6 7
(except EBF Beams, Columns)
Steel Plate Shear Walls 1° 1.5 8 12 12 14
Diaphragm Components
Diaphragm Shear Yielding or Panel 1.25 2 3 2 3
or Plate Buckling
Diaphragm Chords and Collectors— 1.25 6 8 6 8
Full Lateral Support
Diaphragm Chords and Collectors— 1.25 2 3 2 3

Limited Lateral Support

'm = 9(1 — 5/3 P/Pg,).
2m = 12(1 — 5/3 P/P¢,).
3m = 15(1 — 5/3 P/P¢,).

‘m = 18(1 — 5/3 P/P¢,).

SNot used.

“Values are for link beams with three or more web stiffeners. If no stiffeners, divide values by 2.0, but values need not be less than 1.25. Linear
interpolation shall be used for one or two stiffeners.

"Web plate or stiffened seat shall be considered to carry shear. Without shear connection, action shall not be classified as secondary. If d, > 18 in.,
multiply m-factors by 18/d,, but values need not be less than 1.0.

SFor high-strength bolts, divide values by 2.0, but values need not be less than 1.25.

?Assumes ductile detailing for flexural link, in accordance with AISC LRFD Specifications (AISC 1999).

"Applicable if stiffeners, or concrete backing, is provided to prevent buckling.

""Columns in moment or braced frames shall be permitted to be designed for the maximum force delivered by connecting members. For rectangu-
lar or square columns, replace b,/21, with b/1, replace 52 with 110, and replace 65 with 190.

12Columns with P/P, > 0.5 shall be considered force-controlled.

1d is the beam depth; d,, is the depth of the bolt group.

4Tabulated values shall be modified as indicated in Section 5.4.2.4.2, Item 4.

15In addition to consideration of connection capacity in accordance with Section 5.4.2.4.1, values for braces shall be modified for connection
robustness as follows: Where brace connections do not satisfy the requirements of AISC 341, Section 13.3c (AISC 2002) , the acceptance criteria
shall be multiplied by 0.8.

16Stitches for built-up members: Where the stitches for built-up braces do not satisfy the requirements of AISC 341, Section 13.2e (AISC 2002) ,
the acceptance criteria shall be multiplied by 0.5.

17Section compactness: Acceptance criteria applies to brace sections that are concrete-filled or seismically compact according to Table I-8-1 of
AISC 341 (AISC 2002). Where the brace section is noncompact according to Table B5.1 of AISC LRFD Specifications (AISC 1999), the accept-
ance criteria shall be multiplied by 0.5. For intermediate compactness conditions, the acceptance criteria shall be multiplied by a value determined
by linear interpolation between the seismically compact and the noncompact cases.

18Regardless of the modifiers applied, m need never be taken less than 1.0.

For tension-only bracing, m-factors shall be divided by 2.0, but need not be less than 1.25.
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in the LSP and NSP. Where using the acceptance crite-
ria of this section, the design professional should fol-
low the procedures set forth in Chapter 3 of this stan-
dard without modification. The procedures in this stan-
dard and the SAC procedures are judged to result in
comparable levels of drift demand.

Connections between the members shall be classi-
fied as fully restrained (FR) or partially restrained
(PR), based on the strength and stiffness of the con-
nection assembly. The connection types and defini-
tions contained in Table 5-4, as well as the acceptance
criteria for these connections, has been adopted from
the referenced SAC documents, FEMA 350 (FEMA
2000), 351 (FEMA 2000), 355D (FEMA 2000), and
355F (FEMA 2000). The number of connections iden-
tified is based on research that has shown behavior to
be highly dependent on connection detailing. The
design professional should refer to those guidelines
for more detailed descriptions of these connections
as well as a methodology for determining acceptance
criteria for other connection types not included in
this standard.

FEMA 351 (FEMA 2000) provides an alternate
methodology for determining column demands that
has not been adopted into this standard.

5.4.2 Fully Restrained Moment Frames

5.4.2.1 General

FR moment frames shall be those moment
frames with connections identified as FR in
Table 5-4.

Moment frames with connections not included in
Table 5-4 shall be defined as FR if the joint deforma-
tions (not including panel zone deformation) do not
contribute more than 10% to the total lateral deflection
of the frame, and the connection is at least as strong as
the weaker of the two members being joined. If either
of these conditions is not satisfied, the frame shall be
characterized as PR.

FR moment frames encompass both Special
Moment Frames and Ordinary Moment Frames,
defined in AISC 341 (AISC 2002). These terms are
not used in this standard, but the requirements for
these systems and for general or seismic design of
steel componentks specified in Load and Resistance
Factor Design Specification for Structural Steel
Buildings (LRFD) (AISC 1999) or ASCE 7 (ASCE
2005) shall be followed for new elements designed as
part of the seismic rehabilitation, unless superseded
by provisions in this standard.
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FEMA 351 (FEMA 2000) identifies two types of
connections—Type 1 (ductile) and Type 2 (brittle).
These definitions are not used in this standard since
the distinction is reflected in the acceptance criteria for
the connections.

The most common beam-to-column connection
used in steel FR moment frames since the late 1950s
required the beam flange to be welded to the column
flange using complete joint penetration groove welds.
Many of these connections have fractured during
recent earthquakes. The design professional is referred
to FEMA 274 (FEMA 1997) and to FEMA 351
(FEMA 1997).

5.4.2.2 Stiffness

5.4.2.2.1 Linear Static and Dynamic Procedures The
stiffness of steel members (columns and beams)

and connections (joints and panel zones used with
the linear procedures of Chapter 3) shall be based

on principles of structural mechanics and as specified
in the Load and Resistance Factor Design Specifi-
cation for Structural Steel Buildings (LRFD)

(AISC 1999) unless superseded by provisions of

this section.

1. Axial Area and Shear Area. For components
fully encased in concrete, calculation of the stiffness
using full composite action shall be permitted if con-
fining reinforcement is provided to allow the concrete
to remain in place during an earthquake. Concrete
confined on at least three sides, or over 75% of its
perimeter, by elements of the structural steel member
shall be permitted to be considered adequately con-
fined to provide composite action.

2. Moment of Inertia. For components fully
encased in concrete, calculation of the stiffness using
full composite action shall be permitted, but the width
of the composite section shall be taken as equal to the
width of the flanges of the steel member and shall not
include parts of the adjoining concrete floor slab,
unless there is an identifiable shear transfer mecha-
nism between the concrete slab and the steel flange
which is shown to meet the applicable acceptance cri-
teria for the selected performance level.

3. Panel Zone Modeling. Inclusion of panel zone
flexibility shall be permitted in a frame analysis by
adding a panel zone element to the mathematical
model. Alternatively, adjustment of the beam flexural
stiffness to account for panel zone flexibility shall be



permitted. Where the expected shear strength of panel
zones exceeds the flexural strength of the beams at a
beam—column connection, and the stiffness of the
panel zone is at least 10 times larger than the flexural
stiffness of the beam, direct modeling of the panel
zone shall not be required. In such cases, rigid

offsets from the center of the column shall be permit-
ted to represent the effective span of the beam. Use
of center-line analysis shall be permitted for other
cases.

4. Joint Modeling. Modeling of connection stiff-
ness for FR moment frames shall not be required
except for joints that are intentionally reinforced to
force formation of plastic hinges within the beam
span, remote from the column face. For such joints,
rigid elements shall be used between the column
and the beam to represent the effective span of the
beam.

5. Connections. Requirements of this section
shall apply to connections identified as FR in
Table 5-4 and those meeting the requirements of
Section 5.4.2.1.

5.4.2.2.2 Nonlinear Static Procedure If the Nonlinear
Static Procedure (NSP) of Chapter 3 is used, the fol-
lowing criteria shall apply:

1. Elastic component properties shall be modeled as
specified in Section 5.4.2.2.1;

2. Plastification shall be represented by nonlinear
moment-curvature and interaction relationships for
beams and beam—columns derived from experiment
or analysis; and

3. Linear or nonlinear behavior of panel zones shall
be included in the mathematical model except as
indicated in Section 5.4.2.2.1, Item 3.

1.0 fo

OorA
FIGURE 5-1. Generalized Force—Deformation
Relation for Steel Elements or Components.

ASCE/SEI 41-06

In lieu of relationships derived from experiment
or analysis, the generalized load—deformation curve
shown in Fig. 5-1, with parameters a, b, and ¢ as
defined in Tables 5-6 and 5-7, shall be used for com-
ponents of steel moment frames. Modification of
this curve shall be permitted to account for strain-
hardening of components as follows: (1) a strain-
hardening slope of 3% of the elastic slope shall be
permitted for beams and columns unless a greater
strain-hardening slope is justified by test data; and
(2) where panel zone yielding occurs, a strain-
hardening slope of 6% shall be used for the panel
zone unless a greater strain-hardening slope is
justified by test data.

The parameters Q and Q, in Fig. 5-1 are general-
ized component load and generalized component
expected strength, respectively. For beams and
columns, 6 is the total elastic and plastic rotation of
the beam or column, 6, is the rotation at yield, Ais
total elastic and plastic displacement, and A, is yield
displacement. For panel zones, 0, is the angular shear
deformation in radians. Figure 5-2 defines chord rota-
tion for beams. The chord rotation shall be calculated
either by adding the yield rotation, 6,, to the plastic
rotation or taken to be equal to the story drift. Use of
Egs. 5-1 and 5-2 shall be permitted to calculate the
yield rotation, 6,, where the point of contraflexure is
anticipated to occur at the mid-length of the beam or
column, respectively.

(a) Cantilever example

Chord rotation:
0= A
L

(b) Frame example ¥
FIGURE 5-2. Definition of Chord Rotation.
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Table 5-6. Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—

Structural Steel Components

Modeling Parameters

Acceptance Criteria'#

Residual . . L
Plastic Rotation Angle,  Strength Plastic Rotation Angle, Radians
Radians Ratio Primary Secondary
Component/Action a b c 10 LS CP LS CP
Beams— Flexure
b, 52 h 418
a. L=—and—=— 9gq, 11q, 0.6 1qg, 64, 8q, 9q, 11q,
2, tf \/ F;L, tw \/ 3 ) ) ) ) Y )
b oo 05 60, 6q, 02 0.25¢, 2q, 3q, 3q, 4q,
2 \F, t VEF, ! : ' ' : ' '
c. Other Linear interpolation between the values on lines a and b for both flange slenderness (first term) and web
slenderness (second term) shall be performed, and the lower resulting value shall be used
Columns— Flexure>’
For P/P., < 0.2
b, 52 h 300
a. L < and — < — 9q, g, 0.6 1g, 6q, 8q, 9q, 11q,
2t/ v F\c Ly F\L ) V ‘ ) ‘
b. b = 6 or = = 460 4q, 6q, 0.2 0.25¢, 2q, 3q, 3q, 4q,
2tf \/]i t, E, : : : ’ : :
c. Other Linear interpolation between the values on lines a and b for both flange slenderness (first term) and web
slenderness (second term) shall be performed, and the lower resulting value shall be used
For 0.2 = P/P,, = 0.5
a oo 32 g 200 4 02 0.254, s s s 4
2, VE, L £,
b b = 65 or = = 400 lg, 1.5¢, 0.2 0.25¢, 0.5g, 0.8¢, 1.2¢, 1.2g,

c. Other

Linear interpolation between the values on lines a and b for both flange slenderness (first term) and web
slenderness (second term) shall be performed, and the lower resulting value shall be used

Column Panel Zones 12¢g, 12q, 1.0 1q, 8q, 11q, 12¢g, 12¢,
Fully Restrained Moment Connections'?

WUF"”? 0.051 — 0.0013d  0.043 — 0.00060d 0.2 0.026 — 0.00065d  0.0337 — 0.00086d 0.0284 — 0.00040d 0.0323 — 0.00045d  0.043 — 0.00060d
Bottom Haunch in WUF 0.026 0.036 0.2 0.013 0.0172 0.0238 0.0270 0.036
with Slab

Bottom Haunch in WUF 0.018 0.023 0.2 0.009 0.0119 0.0152 0.0180 0.023
without Slab

Welded Cover Plate 0.056 — 0.0011d ~ 0.056 — 0.0011d 0.2 0.028 — 0.00055d  0.0319 — 0.00063d 0.0426 — 0.00084d 0.0420 — 0.00083d  0.056 — 0.0011d
in WUF'?

Improved WUF—Bolted ~ 0.021 — 0.00030¢ 0.050 — 0.00060d 0.2 0.010 — 0.00015¢  0.0139 — 0.00020d 0.0210 — 0.00030d 0.0375 — 0.00045d ~ 0.050 — 0.00060d
Web'2

Improved WUF—Welded 0.041 0.054 0.2 0.020 0.0312 0.0410 0.0410 0.054
‘Web

Free Flange'? 0.067 — 0.0012d  0.094 — 0.00164 0.2 0.034 — 0.00060d  0.0509 — 0.00091d  0.0670 — 0.0012d ~ 0.0705 — 0.0012d  0.094 — 0.0016d
Reduced Beam Section'>  0.050 — 0.00030¢ 0.070 — 0.000304 0.2 0.025 — 0.00015d  0.0380 — 0.00023d 0.0500 — 0.00030d 0.0525 — 0.00023d  0.07 — 0.00030d
Welded Flange Plates

a. Flange Plate Net Section 0.03 0.06 0.2 0.015 0.0228 0.0300 0.0450 0.06

b. Other Limit States Force-controlled

Welded Bottom Haunch 0.027 0.047 0.2 0.014 0.0205 0.0270 0.0353 0.047
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Modeling Parameters .
£ Acceptance Criteria'*

Residual . . -
Plastic Rotation Angle, Strength Plastic Rotation Angle, Radians
Radians Ratio Primary Secondary

Component/Action a b c 10 LS Cp LS Cp

Welded Top and Bottom 0.028 0.048 0.2 0.014 0.0213 0.0280 0.0360 0.048

Haunches

Welded Cover—Plated 0.031 0.031 0.2 0.016 0.0177 0.0236 0.0233 0.031

Flanges

Partially Restrained Moment Connections

Top and Bottom Clip Angle’

a. Shear Failure of Rivet or 0.036 0.048 0.200 0.008 0.020 0.030 0.030 0.040
Bolt (Limit State 1)*

b. Tension Failure of 0.012 0.018 0.800 0.003 0.008 0.010 0.010 0.015
Horizontal Leg of Angle
(Limit State 2)

c. Tension Failure of Rivet 0.016 0.025 1.000 0.005 0.008 0.013 0.020 0.020
or Bolt (Limit State 3)3

d. Flexural Failure of Angle 0.042 0.084 0.200 0.010 0.025 0.035 0.035 0.070
(Limit State 4)

Double Split Tee’

a. Shear Failure of Rivet or 0.036 0.048 0.200 0.008 0.020 0.030 0.030 0.040
Bolt (Limit State 1)®

b. Tension Failure of Rivet 0.016 0.024 0.800 0.005 0.008 0.013 0.020 0.020
or Bolt (Limit State 2)3

c. Tension Failure of Split 0.012 0.018 0.800 0.003 0.008 0.010 0.010 0.015
Tee Stem (Limit State 3)

d. Flexural Failure of Split 0.042 0.084 0.200 0.010 0.025 0.035 0.035 0.070
Tee (Limit State 4)

Bolted Flange Plate®

a. Failure in Net Section of 0.030 0.030 0.800 0.008 0.020 0.025 0.020 0.025
Flange Plate or Shear
Failure of Bolts or Rivets®

b. Weld Failure or Tension 0.012 0.018 0.800 0.003 0.008 0.010 0.010 0.015
Failure on Gross Section
of Plate

Bolted End Plate

a. Yield of End Plate 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. Failure of Weld 0.012 0.018 0.800 0.003 0.008 0.010 0.015 0.015

Composite Top Clip Angle Bottom’

a. Failure of Deck 0.018 0.035 0.800 0.005 0.010 0.015 0.020 0.030
Reinforcement

b. Local Flange Yielding and ~ 0.036 0.042 0.400 0.008 0.020 0.030 0.025 0.035
Web Crippling of Column

c. Yield of Bottom Flange 0.036 0.042 0.200 0.008 0.020 0.030 0.025 0.035
Angle

d. Tensile Yield of Rivets or ~ 0.015 0.022 0.800 0.005 0.008 0.013 0.013 0.018
Bolts at Column Flange

e. Shear Yield of Beam 0.022 0.027 0.200 0.005 0.013 0.018 0.018 0.023
Flange Connection

Shear Connection with 0.029 - 0.00020d,,  0.15 - 0.0036d,, 0.400 0.014 - 0.00010d,, — — 0.1125 - 0.0027d,, ~ 0.15 - 0.0036d,,
Slab"?

Shear Connection 0.15-0.0036d,,  0.15-0.0036d,, 0.400 0.075 - 0.0018d,, — — 0.1125 - 0.0027d,,  0.15 ~ 0.0036d,,

without Slab'?

Continued
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Table 5-6. (Continued)

Modeling Parameters

Acceptance Criteria'#

Residual - - -
Plastic Rotation Angle, Strength Plastic Rotation Angle, Radians
Radians Ratio Primary Secondary

Component/Action a b c 10 LS CP LS CP
EBF Link Beam!*!!
a e = 16 Mer 0.15 0.17 0.8 0.005 0.11 0.14 0.14 0.16

Vew
b. e = 26 Mg Same as for beams

Ver
c. 16 M, <e< 26 Mee Linear interpolation shall be used

CE CE

Steel Plate Shear Walls! 14q, 16q, 0.7 0.5q, 10q, 13q, 13q, 15q,

"Values are for shear walls with stiffeners to prevent shear buckling.

2Columns in moment or braced frames shall be permitted to be designed for the maximum force delivered by connecting members. For rectangular
or square columns, replace b, /2t; with b/t, replace 52 with 110, and replace 65 with 190.

3Plastic rotation = 11 (1 — 5/3 P/P¢,) 6,.

“Plastic rotation = 17 (1 — 5/3 P/P,) 6,.

SPlastic rotation = 8 (1 — 5/3 P/P,) 0,.

®Plastic rotation = 14 (1 — 5/3 P/P,) 6,.

"Columns with P/P, > 0.5 shall be considered force-controlled.

8For high-strength bolts, divide values by 2.0.

“Web plate or stiffened seat shall be considered to carry shear. Without shear connection, action shall not be classified as secondary. If beam depth,
d, > 18 in., multiply m-factors by 18/d,.

"Deformation is the rotation angle between link and beam outside link or column.

"Values are for link beams with three or more web stiffeners. If no stiffeners, divide values by 2.0. Linear interpolation shall be used for one or
two stiffeners.

12d is the beam depth; d,, is the depth of the bolt group. Where plastic rotations are a function of d or d,,, they need not be taken as less than 0.0.
3Tabulated values shall be modified as indicated in Section 5.4.2.4.3, Item 4.

“Primary and secondary component demands shall be within secondary component acceptance criteria where the full backbone curve is explicitly
modeled including strength degradation and residual strength in accordance with Section 3.4.3.2.
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Table 5-7. Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel
Components— Axial Actions

Modeling Parameters .
& Acceptance Criteria®

Residual Plastic Deformation
Strength
Plastic Deformation Ratio Primary Secondary
Component/Action a b c 10 LS CP LS CP
Braces in Compression (except EBF braces)'?
a. Slender
KTI = 4.2\/ﬁF}.
1. W, I, 2L In-Plane?, 2C In-Plane? 0.5A, 10A, 0.3 0.25A, 6A, 8A, 8A, 10A,
2. 2L Out-of-Plane?, 2C Out-of-Plane? 0.5A, 9A, 0.3 0.25A, 5A, 7A, TA. 9A,
3. HSS, Pipes, Tubes 0.5A, 9A, 0.3 0.25A, S5A, TA, TA, 9A,
b. Stocky*
’;f = 21VEJF,
1. W, I, 2L In-Plane?, 2C In-Plane? 1A, 8A, 0.5 0.25A, S5A, TA, 7A, 8A,
2. 2L Out-of-Plane?, 2C Out-of-Plane? 1A, TA, 0.5 0.25A, 4A, 6A, 6A, TA,
3. HSS, Pipes, Tubes 1A, TA, 0.5 0.25A, 4A, 6A, 6A, TA,
c. Intermediate Linear interpolation between the values for slender and stocky braces (after
application of all applicable modifiers) shall be used.
Braces in Tension (except EBF braces)® 11A; 14A, 0.8 0.25A, TA; 9A, 1A, 13A,
Beams, Columns in Tension (except S5A, A, 1.0 0.25A, 3A, S5A, 6A, TA,

EBF beams, columns)’

'A, is the axial deformation at expected buckling load.

?In addition to consideration of connection capacity in accordance with Section 5.5.2.4.1, values for braces shall be modified for connection
robustness as follows: Where brace connections do not satisfy the requirements of AISC 341, Section 13.3c (AISC 2002), the acceptance criteria
shall be multiplied by 0.8.

3Stitches for built-up members: Where the stitches for built-up braces do not satisfy the requirements of AISC 341, Section 13.2e (AISC 2002), the
values of a, b, and all acceptance criteria shall be multiplied by 0.5.

“Section compactness: Modeling parameters and acceptance criteria apply to brace sections that are concrete-filled or seismically compact accord-
ing to Table I-8-1 of AISC 341 (AISC 2002). Where the brace section is noncompact according to Table B5.1 of AISC LRFD Specifications
(AISC 1999), the acceptance criteria shall be multiplied by 0.5. For intermediate compactness conditions, the acceptance criteria shall be multi-
plied by a value determined by linear interpolation between the seismically compact and the noncompact cases.

SA, is the axial deformation at expected tensile yielding load.

*Primary and secondary component demands shall be within secondary component acceptance criteria where the full backbone curve is explicitly
modeled including strength degradation and residual strength in accordance with Section 3.4.3.2.
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Beams: 0, = i’glb (Eq. 5-1)
Y 6EI, %
Col 0 ZE 1 P (Eq. 5-2)
olumns: = e .-
e\ p) 1

Qg 1s the component expected strength. For flex-
ural actions of beams and columns, Q. refers to the
plastic moment capacity, which shall be calculated
using Egs. 5-3 and 5-4: k

Beams: Q¢ = M = ZF, (Eq. 5-3)

P
Columns: Qqp = M = 1.ISZEW<1 - P_> =ZF,

ye

(Eq. 5-4)

For panel zones, Q. refers to the plastic shear
capacity of the panel zone, which shall be calculated
using Eq. 5-5:

Panel Zones: Q¢ = Ve = 0.55F d t (Eq. 5-5)

P

where

d. = column depth;
E = modulus of elasticity;
F,, = expected yield strength of the material;
I = moment of inertia;
l, = beam length;
.= column length;
M = expected flexural strength;

P = axial force in the member at the target dis-
placement for nonlinear static analyses, or at
the instant of computation for nonlinear
dynamic analyses. For linear analyses, P shall
be taken as Q, calculated in accordance with
Section 3.4.2.1.2;

P,, = expected axial yield force of the member =
AgF.ve;

t, = total thickness of panel zone, including doubler
plates;

6 = chord rotation;

0, = yield rotation;

Vg = expected shear strength; and

Z = plastic section modulus.

C5.4.2.2.2 Nonlinear Static Procedure Strain harden-
ing should be considered for all components. FEMA
355D (FEMA 2000) is a useful reference for informa-
tion concerning nonlinear behavior of various tested
connection configurations.
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5.4.2.2.3 Nonlinear Dynamic Procedure The complete
hysteretic behavior of each component shall be deter-
mined experimentally or by other procedures approved
by the authority having jurisdiction.

C5.4.2.2.3 Nonlinear Dynamic Procedure FEMA
355D (FEMA 2000) is a useful reference for informa-
tion concerning nonlinear behavior of various tested
connection configurations.

5.4.2.3 Strength

5.4.2.3.1 General Component strengths shall be computed
in accordance with the general requirements of Section
5.3.2 and the specific requirements of this section.

5.4.2.3.2 Linear Static and Dynamic Procedures

1. Beams. The strength of structural steel elements
under flexural actions shall be calculated in accor-
dance with this section if the calculated axial load
does not exceed 10% of the axial strength.

The expected flexural strength, O, of beam com-
ponents shall be determined using equations for design
strength, M,, given in AISC 341 (AISC 2002), except
that ¢ shall be taken as 1.0 and F,, shall be substituted
for F,. The component expected strength, O, of
beams and other flexural deformation-controlled mem-
bers shall be the lowest value obtained for the limit
states of yielding, lateral-torsional buckling, local
flange buckling, or shear yielding of the web.

For fully concrete-encased beams where confining
reinforcement is provided to allow the concrete to
remain in place during the earthquake, the values of
by = 0 and L, = 0 shall be permitted to be used. For
bare beams bent about their major axes and symmetric
about both axes, satisfying the requirements of com-
pact sections, and L, < L,, O shall be computed in
accordance with Eq. 5-6:

Ocg =M= M,cr = ZF,, (Eq. 5-6)

where

b, = width of the compression flange;

L, = distance between points braced against lateral
displacement of the compression flange, or
between points braced to prevent twist of the
cross section, per Load and Resistance Factor
Design Specification for Structural Steel
Buildings (LRFD) (AISC 1999) ;

L, = limiting lateral unbraced length for full plastic
bending capacity for uniform bending from
Load and Resistance Factor Design



Specification for Structural Steel Buildings
(LRFD) (AISC 1999);
M, = expected plastic moment capacity; and
F,, = expected yield strength of the material.

The limit states of local and lateral torsional buck-
ling shall not be considered for components either sub-
jected to bending about their minor axes or fully
encased in concrete where confining reinforcement is
provided to allow the concrete to remain in place dur-
ing an earthquake.

If the beam strength is governed by the shear

h 418
strength of the unstiffened web and — = ——, then
s VF,

t,
w y
Ve shall be calculated in accordance with Eq. 5-7:

QCE = VCE = O'6FyeAw (Eq 5_7)

where

Vi = expected shear strength;
A,, = nominal area of the web = d,f,;
t, = web thickness;
h = distance from inside of compression flange to
inside of tension flange;
F,, = expected yield strength of the material; and
F, = specified minimum of yield strength; must be in
ksi where used to determine applicability per
Eq. 5-7.

h 418
If — > —=, then the value of V; shall be calcu-

tw \/}T‘}
lated from AISC 341 (AISC 2002).

2. Columns. This section shall be used to evaluate
flexural and axial strengths of structural steel elements
if the calculated axial load exceeds 10% of the axial
strength.

The lower-bound strength, Q,, of steel columns
under axial compression shall be the lowest value
obtained for the limit states of column buckling, local
flange buckling, or local web buckling. The effective
design strength or the lower-bound axial compressive
strength, P, shall be calculated in accordance with
AISC 341 (AISC 2002), taking ¢» = 1.0 and using the
lower-bound strength, F; 5, for yield strength.

The expected axial strength of a column in ten-
sion, O, shall be computed in accordance with
Eq. 5-8:

QCE = TCE = Az‘Fye (Eq 5-8)

where

A, = area of column;

ASCE/SEI 41-06

F,, = expected yield strength of the material; and

T = expected tensile strength of column.

3. Panel Zone. The strength of the panel zone shall be
calculated using Eq. 5-5.

4. FR Beam-Column Connections. The strength of
connections shall be based on the controlling mecha-
nism considering all potential modes of failure.

C5.4.2.3.2 Linear Static and Dynamic Procedures FR
Beam-Column Connections. The design professional
is directed to FEMA 351 (FEMA 2000) for guidance
in determining the strength of various FR connection
configurations.

5.4.2.3.3 Nonlinear Static Procedure The complete
load—deformation relationship of each component as
depicted in Fig. 5-1 shall be determined in accordance
with Section 5.4.2.2.2. The values for expected
strength, O, shall be the same as those used for lin-
ear procedures as specified in Section 5.4.2.3.2.

5.4.2.3.4 Nonlinear Dynamic Procedures The com-
plete hysteretic behavior of each component shall be
determined experimentally or by other procedures
approved by the authority having jurisdiction.

C5.4.2.3.4 Nonlinear Dynamic Procedures FEMA
355D (FEMA 2000) is a useful reference for informa-
tion concerning nonlinear behavior of various tested
connection configurations.

5.4.2.4 Acceptance Criteria

5.4.2.4.1 General Component acceptance criteria shall
be computed in accordance with the general require-
ments of Section 5.3.2 and the specific requirements
of this section.

C5.4.2.4.1 General The strength and behavior of
steel moment-resisting frames is typically governed
by the connections. The design professional is urged
to determine the controlling limit state of the sys-
tem where selecting the corresponding acceptance
criterion.

5.4.2.4.2 Linear Static and Dynamic Procedures

1. Beams. The acceptance criteria of this section shall
apply to flexural actions of structural steel elements
that have a calculated axial load that does not exceed
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10% of the axial strength. Beam flexure and shear
shall be considered deformation-controlled.

For built-up shapes, the adequacy of lacing plates
shall be evaluated using the provisions for tension
braces in Section 5.5.2.4.

Values for the m-factor used in Eq. 3-20 shall be
as specified in Table 5-5. For fully concrete-encased
beams where confining reinforcement is provided
to allow the concrete to remain in place during an
earthquake, the values of b, = 0 and L, = 0 shall be
used for the purpose of determining m. If Qpp < M,
due to lateral torsional buckling, then m in Eq. 3-20
shall be replaced by m,, calculated in accordance with
Eq. 5-9:

M, - M,

=1.0 Eq. 5-9
M,,—M,> (Eq. 5-9)

mg=m—(m—1)<

where

M, = nominal flexural capacity determined in accor-
dance with AISC 341 (AISC 2002);

M, = plastic moment capacity determined in accor-
dance with Load and Resistance Factor Design
Specification for Structural Steel Buildings
(LRFD) (AISC 1999) ;

M, = limiting buckling moment determined in accor-
dance with Load and Resistance Factor Design
Specification for Structural Steel Buildings
(LRFD) (AISC 1999);

m = value of m given in Table 5-5; and

m, = effective m computed in accordance with

Eq. 5-9.

For built-up shapes, where the strength is gov-
erned by the strength of the lacing plates that carry
component shear, the m-factor shall be taken as 0.5
times the applicable value in Table 5-5, unless larger
values are justified by tests or analysis; however, m
need not be taken less than 1.0. For built-up laced
beams and columns fully encased in concrete, local
buckling of the lacing need not be considered where
confining reinforcement is provided to allow the
encasement to remain in place during a design
earthquake.

2. Columns. For steel columns under combined axial
compression and bending stress, where the axial col-
umn load is less than 50% of the lower-bound axial
column strength, P, the column shall be considered
deformation-controlled for flexural behavior and
force-controlled for compressive behavior and the
combined strength shall be evaluated by Eq. 5-10

or 5-11.
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Py 8] M, M,
— + — 2 = 1.0 (Eq.5-10)
P 9| mMc, myM CEy
For £ < 0.2,
CL
Py M M

+ e L — < 1.0
2Py, m Mg, m)'M CEy

(Eq. 5-11)

where

P, = axial force in the member computed in accor-
dance with Section 3.4.2.1.2;
P, = lower-bound compression strength of the
column;
M, = bending moment in the member for the x-axis
computed in accordance with Section 3.4.2.1.1;
M, = bending moment in the member for the y-axis
computed in accordance with Section 3.4.2.1.1;
M, = expected bending strength of the column for
the x-axis;
M, = expected bending strength of the column for
the y-axis;
m, = value of m for the column bending about the
x-axis in accordance with Table 5-5; and
m, = value of m for the column bending about the
y-axis in accordance with Table 5-5.

Steel columns with axial compressive forces
exceeding 50% of the lower-bound axial compressive
strength, P, shall be considered force-controlled for
both axial loads and flexure and shall be evaluated
using Eq. 5-12:

= (Eq. 5-12)

where

P, = axial load in the member, calculated in accor-
dance with Section 3.4.2.1.2;

M, = bending moment in the member about the
x-axis, calculated in accordance with Sec-
tion 3.4.2.1.2;

My, = bending moment in the member about the
y-axis, calculated in accordance with Sec-
tion 3.4.2.1.2;

M, = lower-bound flexural strength of the member
about the x-axis; and

M, = lower-bound flexural strength of the member
about the y-axis.



Flexural strength shall be calculated in accordance
with AISC 341 (AISC 2002), taking ¢ = 1.0 and
using the lower-bound value for yield strength.

For columns under combined compression and
bending, lateral bracing to prevent torsional buckling
shall be provided as required by the Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC 1999) .

Steel columns under axial tension shall be consid-
ered deformation-controlled and shall be evaluated
using Eq. 3-20.

Steel columns under combined axial tension
and bending stress shall be considered deformation-
controlled and shall be evaluated using Eq. 5-13:

T M, M,
+ + =10
mTe, mMcep,  mMcg,

(Eq. 5-13)

where

M, = bending moment in the member for the x-axis;
M, = bending moment in the member for the
y-axis;
M, = expected bending strength of the column for
the x-axis;
My, = expected bending strength of the column for
the y-axis;
m, = value of m for the column in tension based on
Table 5-5;
m, = value of m for the column bending about the
x-axis based on Table 5-5;
m, = value of m for the column bending about the
y-axis based on Table 5-5;
T = tensile load in column; and
T = expected tensile strength of column computed
in accordance with Eq. 5-8.

3. Panel Zone. Shear behavior of panel zones shall be
considered deformation-controlled and shall be evalu-
ated using Eq. 3-20, with the expected panel zone
shear strength, Q. , calculated according to Eq. 5-5
and m-factors taken from Table 5-5.

4. FR Beam—-Column Connections. FR connections
identified in Table 5-4 shall be considered deforma-
tion-controlled and evaluated in accordance with

Eq. 3-20, with Q,, and Q. taken as the computed de-
mand and capacity of the critical connection compo-
nent respectively, and m-factors taken from Table 5-5
as modified below.

Connection acceptance criteria are dependent on
the detailing of continuity plates (column stiffeners
that align with the beam flanges), the strength of the
panel zone, the beam span-to-depth ratio, and the
slenderness of the beam web and flanges. Tabulated
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m-factors in Table 5-5 shall be modified as determined
by the following four conditions. The modifications
shall be cumulative, but m-factors need not be taken as
less than 1.0.

4.1 If the connection does not satisfy at least one of
the following conditions, the tabulated m-factors in
Table 5-5 shall be multiplied by 0.8.

\Y
S

ly = ¢

)

or

by by . . ?
7% =t,;< —bzf- and continuity plates with ¢t = jb

W

or

b, - .
ty < _7121 and continuity plates with # = 7,

where

t., = thickness of column flange;
b, = width of beam flange;

t = thickness of continuity; and
t,; = thickness of beam flange.

4.2 1If one of the following conditions is not met, the
tabulated m-factors in Table 5-5 shall be multiplied
by 0.8.

0.6 = =09

I

where V, = 0.55F ., d.t., and V,, is the computed

panel zone shear at the development of a hinge at the
critical location of the connection. For M, at the face
of the column,

V — 2 My(beam) L h B db
” d, L—d. h

Jeeony = €xpected yield strength of column;
d. = column depth;
t., = thickness of column web;
M 0y = yield moment of beam;
d, = depth of beam;
L = length of beam, center-to-center of columns;
and
h = average story height of columns.

where
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4.3 If the clear span-to-depth ratio, L,/d, is greater
than 10, the tabulated m-factors in Table 5-5 shall be
multiplied by:

L,
1.4 —0.04 —
d

where

L, = length of beam, clear span between columns; and
d = depth of member.

4.4 If the beam flange and web meet the following
conditions, the tabulated m-factors in Table 5-5 need
not be modified for flange and web slenderness.

418
V' F.

ye

by _ 52
2, VF,

ye

and <

n
tW
If the beam flange or web slenderness values

exceed either of the following limits, the tabulated
m-factors in Table 5-5 shall be multiplied by 0.5.

where

b, = width of beam flange;
t, = thickness of beam flange;
h = height of beam web;
t, = thickness of beam web; and
F,, = expected yield strength of column.

Straight-line interpolation, based on the case that
results in the lower modifier, shall be used for interme-
diate values of beam flange or web slenderness.

Type FR connections designed to promote yield-
ing of the beam remote from the column face shall be
considered force-controlled and shall be designed
using Eq. 5-14:

Ocre Z Ocpp (Eq. 5-14)

where

Q. = the lower-bound strength of the connection;
and
Ocr, = expected bending strength of the beam.

C5.4.2.4.2 Linear Static and Dynamic Procedures FR
Beam-Column Connections. The continuity plate
modifier is based on recommendations FEMA 355F
(FEMA 2000) for continuity plate detailing in relation-
ship to column flange thickness.
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The panel zone modifier is based on research in
FEMA 355F indicating that connection performance is
less ductile where the strength of the panel zone is either
too great or too small compared to the flexural strength
of the beam. The panel zone strength range between
60%—-90% of the beam strength is considered to provide
balanced yielding between the beam and panel zone,
which results in more desirable performance.

The clear span-to-depth ratio modifier for linear
acceptance criteria reflects the decreased apparent duc-
tility that arises due to increased elastic rotations for
longer beams. The decreased plastic rotation capacity
of beams with very small L,/d ratios is not reflected
directly. However, the modifier for linear criteria was
developed so that it would be appropriate for the pre-
dominant case of L,/d ratios greater than about 5.

The beam flange and web slenderness modifier is
based on the same modifications to beam acceptance
criteria contained in Table 5-5. While not an aspect of
the connection itself, beam flange and web slenderness
affect the behavior of the connection assembly.

Type FR connections designed to promote yield-
ing of the beam in the span, remote from the column
face, are discussed in FEMA 350 (FEMA 2000).

5.4.2.4.3 Nonlinear Static and Dynamic Procedures
Calculated component actions shall satisfy the require-
ments of Section 3.4.3. Maximum permissible inelas-
tic deformations shall be taken from Tables 5-6 and
5-7.

1. Beams. Flexural actions of beams shall be
considered deformation-controlled. Permissible plas-
tic rotation deformation shall be as indicated in
Tables 5-6 and 5-7, where g, shall be calculated in
accordance with Section 5.4.2.2.2.

2. Columns. Axial compressive loading of columns
shall be considered force-controlled, with the lower-
bound axial compression capacity, P, computed in
accordance with Section 5.4.2.4.2.

Flexural loading of columns, with axial loads at
the target displacement less than 50% of P,;, com-
puted in accordance with Section 5.4.2.4.2, shall be
considered deformation-controlled and maximum per-
missible plastic rotation demands on columns, in radi-
ans, shall be as indicated in Tables 5-6 and 5-7,
dependent on the axial load present and the compact-
ness of the section.

Flexural loading of columns, with axial loads at
the target displacement greater than or equal to 50%
of P.,, computed in accordance with Section 5.4.2.4.2,
shall be considered force-controlled and shall conform
to Eq. 5-12.



3. FR Connection Panel Zones. Plastic rotation
demands on panel zones shall be evaluated using the
acceptance criteria provided in Tables 5-6 and 5-7.

4. FR Beam-Column Connections. FR connections
identified in Table 5-4 shall be considered deformation-
controlled and the plastic rotation predicted by analysis
shall be compared with the acceptance criteria in
Tables 5-6 and 5-7 as modified below. Connection
acceptance criteria are dependent on the detailing of
continuity plates, the strength of the panel zone, the
beam span-to-depth ratio, and the slenderness of the
beam web and flanges as determined by the following
four conditions. The modifications shall be cumulative.

4.1 If the connection does not satisfy at least one of
the following conditions, the tabulated plastic rotation
in Tables 5-6 and 5-7 shall be multiplied by 0.8.

b,

<

=

|

s

“n
[}

or

b, b t
4 <t < =% and continuity plates with t = -2
7 =T 50 yP 2
or

b, - .
ty < —7[’1 and continuity plates with # = ¢,

where

t.; = thickness of column flange;
b, = width of beam flange;

t = thickness of continuity plate; and
1, = thickness of beam flange.

4.2 If the following condition is not met, the tabulated
plastic rotations in Tables 5-6 and 5-7 shall be multi-
plied by 0.8.

where V, = 0.55F ., d.t.,, and V,, is the computed
panel zone shear at the development of a hinge at the
critical location of the connection. For M,, at the face
of the column,

V., — 2My(bealm) L h — db
r d, L—d, h
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where
F

ye(col)
d.
t,

cw

= expected yield strength of column;
column depth;
= thickness of column web;
\weamy = yi€ld moment of beam;
d, = depth of beam;
L = length of beam, center-to-center of columns;
and
h = average story height of columns.

4.3 If the clear span-to-depth ratio, L/d, is less than 8,
the tabulated plastic rotations in Tables 5-6 and 5-7
shall be multiplied by:

(0.5)[(8*L(/d)/3]

L, = length of beam, clear span between columns;
and
d = depth of member.

4.4 If the beam flange and web meet the following
conditions, the tabulated plastic rotations in Tables 5-6
and 5-7 need not be modified for flange and web
slenderness.

éﬁ < —5_2 and ﬁ < —418
2tf F‘ye tw \% F ye

If the beam flange or web slenderness values
exceed either of the following limits, the tabulated
plastic rotations Tables 5-6 and 5-7 shall be multiplied
by 0.5.

by 65 b 640
th VFW tW VF‘ye

where

b, = width of beam flange;

t, = thickness of beam flange;

h = height of beam web;

t,, = thickness of beam web; and
F,, = expected yield strength.

Straight-line interpolation, based on the case that
results in the lower modifier, shall be used for interme-
diate values of beam flange or web slenderness.

Type FR connections designed to promote yield-
ing of the beam in the span remote from the column
face shall be considered force-controlled and shall be
evaluated to ensure that the lower-bound strength of
the connection exceeds the expected flexural strength
of the beam at the connection.
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C5.4.2.4.3 Nonlinear Static and Dynamic Procedures
FR Beam-Column Connections. The continuity plate
modifier is based on recommendations in FEMA 355F
(FEMA 2000) for continuity plate detailing in relation-
ship to column flange thickness.

The panel zone modifier is based on research in
FEMA 355F indicating that connection performance is
less ductile where the strength of the panel zone is
either too great or too small compared to the flexural
strength of the beam. The panel zone strength range
between 60% and 90% of the beam strength is consid-
ered to provide balanced yielding between the beam
and panel zone, which results in more desirable per-
formance.

The clear span-to-depth ratio modifier for nonlin-
ear modeling and acceptance criteria reflects decreased
plastic rotation capacity for beams with hinging occur-
ring over a shorter length. This modifier is based on
the plastic rotation capacities corresponding to the
FEMA 350 (FEMA 2000) L_/d limits of 5 and 8.

The beam flange and web slenderness modifier is
based on the same modifications to beam acceptance
criteria contained in Tables 5-6 and 5-7. While not an
aspect of the connection itself, beam flange and web
slenderness affects the behavior of the connection
assembly.

Type FR connections designed to promote yield-
ing of the beam in the span, remote from the column
face, are discussed in FEMA 350.

5.4.2.5 Rehabilitation Measures

FR moment frame components that do not meet
the acceptance criteria for the selected Rehabilitation
Objective shall be rehabilitated. Rehabilitation meas-
ures shall meet the requirements of Section 5.3.3 and
other provisions of this standard.

C5.4.2.5 Rehabilitation Measures

The following measures, which are presented in
greater detail in FEMA 351 (FEMA 2000), may be
effective in rehabilitating FR moment frames:

1. Add steel braces to one or more bays of each story
to form concentric or eccentric braced frames to
increase the stiffness of the frames. The attributes
and design criteria for braced frames shall be as
specified in Section 5.5. The location of added
braces should be selected so as to not increase
horizontal torsion in the system;

2. Add ductile concrete or masonry shear walls or
infill walls to one or more bays of each story to
increase the stiffness and strength of the structure.
The attributes and design requirements of concrete
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and masonry shear walls shall be as specified in
Sections 6.8 and 7.4, respectively. The attributes
and design requirements of concrete and masonry
infills shall be as specified in Sections 6.7 and 7.5,
respectively. The location of added walls should be
selected so as not to increase horizontal torsion in
the system;

3. Attach new steel frames to the exterior of the build-
ing. The rehabilitated structure should be checked
for the effects of the change in the distribution of
stiffness, the seismic load path, and the connections
between the new and existing frames. The rehabili-
tation scheme of attaching new steel frames to the
exterior of the building has been used in the past
and has been shown to be very effective under cer-
tain conditions. This rehabilitation approach may
be structurally efficient, but it changes the architec-
tural appearance of the building. The advantage is
that the rehabilitation may take place without dis-
rupting the use of the building;

4. Reinforce moment-resisting connections to force
plastic hinge locations in the beam material away
from the joint region to reduce the stresses in the
welded connection, thereby reducing the possibility
of brittle fractures. This scheme should not be used
if the full-pen connection of the existing structure
did not use weld material of sufficient toughness to
avoid fracture at stresses lower than yield or where
strain-hardening at the new hinge location would
produce larger stresses than the existing ones at the
weld. The rehabilitation measures to reinforce
selected moment-resisting connections shall consist
of providing horizontal cover plates, vertical stiff-
eners, or haunches. Removal of beam material to
force the plastic hinge into the beam and away
from the joint region shall also be permitted subject
to the above restrictions. Guidance on the design of
these modifications of FR moment connections is
discussed in FEMA 351 (FEMA 2000);

5. Add energy dissipation devices as specified in
Chapter 9; and

6. Increase the strength and stiffness of existing
frames by welding steel plates or shapes to selected
members.

5.4.3 Partially Restrained Moment Frames

5.4.3.1 General

PR moment frames shall be defined as those
moment frames with connections identified as PR in
Table 5-4. Moment frames with connections not
included in Table 5-4 shall be defined as PR if the
deformations of the beam-to-column joints contribute



greater than 10% to the total lateral deflection of the
frame or where the strength of the connections is less
than the strength of the weaker of the two members
being joined. For a PR connection with two or more
failure modes, the weakest failure mechanism shall be
considered to govern the behavior of the joint. Design
provisions for PR frames specified in AISC 341 (AISC
2002) or ASCE 7 (ASCE 2005) shall apply unless
superseded by the provisions in this standard.
Equations for calculating nominal design strength shall
be used for determining the expected strength, except
f =1, and either the expected strength or lower-bound
strength shall be used in place of F, as further indi-
cated in this standard.

C5.4.3.1 General

Table 5-4 includes simple shear or pinned connec-
tions classified as PR connections. Although the grav-
ity load-carrying beams and columns are typically
neglected in the lateral analysis of steel moment frame
structures, SAC research contained in FEMA 355D
(FEMA 2000) indicates that these connections are
capable of contributing non-negligible stiffness
through very large drift demands. Including gravity
load-carrying elements (subject to the modeling proce-
dures and acceptance criteria in this section) in the
mathematical model could be used by the design engi-
neer to reduce the demands on the moment frame ele-
ments.

5.4.3.2 Stiffness

5.4.3.2.1 Linear Static and Dynamic Procedures

1. Beams, columns, and panel zones. Axial area,
shear area, moment of inertia, and panel zone
stiffness shall be determined as specified in Sec-
tion 5.4.2.2 for FR frames.

2. Connections. The rotational stiffness K, of each
PR connection for use in PR frame analysis shall
be determined by the procedure of this section, by
experiment, or by an approved rational analysis.
The deformation of the connection shall be
included where calculating frame displacements.

The rotational spring stiffness, K, shall be cal-
culated in accordance with Eq. 5-15:

MCE
K, = —oc& Eq. 5-15
"~ 0.005 (Eg. 5-15)

where

M, = expected moment strength of connection for
the following PR connections:

ASCE/SEI 41-06

1. PR connections encased in concrete, where the
nominal resistance, M, determined for the con-
nection shall include the composite action provided
by the concrete encasement;

2. PR connections encased in masonry, where com-
posite action shall not be included in the determina-
tion of connection resistance, Mz; and

3. Bare steel PR connections.

For PR connections not listed above, the rota-
tional spring stiffness shall be calculated in accordance
with Eq. 5-16:

k, = Mo
0.003

(Eq. 5-16)

As a simplified alternative, modeling the frame as
for FR joints but with the beam stiffness, EI,, adjusted
to account for the flexibility of the joints in accor-
dance with Eq. 5-17 shall be permitted:

-
6h 1

— +
LK, EI,

El adjusted = (Eq. 5-17)

where

K, = equivalent rotational spring stiffness of connec-
tion per Eq. 5-15 or 5-16;
M = expected moment strength;
I, = moment of inertia of the beam;
E = modulus of elasticity;
h = average story height of the columns; and
L, = centerline span of the beam.

Where Eq. 5-17 is used, the adjusted beam stiff-
ness shall be used in standard rigid-connection frame
analysis and the rotation of the connection shall be
taken as the rotation of the beam at the joint.

C5.4.3.2.1 Linear Static and Dynamic Procedures
FEMA 274 (FEMA 1997) is a useful reference for
information concerning stiffness properties and model-
ing guidelines for PR connections.

5.4.3.2.2 Nonlinear Static Procedure If the Nonlinear
Static Procedure (NSP) of Chapter 3 is used, the fol-
lowing criteria shall apply:

1. The elastic component properties shall be modeled
as specified in Section 5.4.3.2.1;

2. The nonlinear moment-curvature or load—
deformation behavior for beams, beam-columns,
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and panel zones shall be modeled as specified in
Section 5.4.2.2 for FR frames; and

3. In lieu of relationships derived from experiment
or analysis, the generalized load-deformation
curve shown in Fig. 5-1 with its parameters a, b,
and c as defined in Tables 5-6 and 5-7, shall be
used to represent moment-rotation behavior
for PR connections in accordance with Sec-
tion 5.4.2.2.2. The value for g, shall be 0.005
for connections, for which Eq. 5-15 in Sec-
tion 5.4.3.2.1 applies, or 0.003 for all other
connections.

C5.4.3.2.2 Nonlinear Static Procedure FEMA 355D
(FEMA 2000) is a useful reference for information
concerning nonlinear behavior of various tested con-
nection configurations.

5.4.3.2.3 Nonlinear Dynamic Procedure The com-
plete hysteretic behavior of each component

shall be modeled as verified by experiment or by
other procedures approved by the authority having
jurisdiction.

C5.4.3.2.3 Nonlinear Dynamic Procedure FEMA
355D (FEMA 2000) is a useful reference for informa-
tion concerning nonlinear behavior of various tested
connection configurations.

5.4.3.3 Strength

5.4.3.3.1 General Component strengths shall be com-
puted in accordance with the general requirements

of Section 5.3.2 and the specific requirements of this
section.

5.4.3.3.2 Linear Static and Dynamic Procedures The
strength of steel beams and columns in PR Frames
being analyzed using linear procedures shall be
computed in accordance with Section 5.4.2.3.2 for
FR Frames.

The expected strength, Q. for PR connections
shall be based on procedures specified in Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC 1999) , based on exper-
iment or based on the procedures listed in the subse-
quent sections.

1. Top and Bottom Clip Angle Connection. The
moment strength, M, of the riveted or bolted clip
angle connection, as shown in Fig. 5-3, shall be the
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FIGURE 5-3. Top and Bottom Clip Angle
Connection.

smallest value of M, computed for the following four
limit states:

1.1 Limit State 1. If the shear connectors between the
beam flange and the flange angle control the capacity
of the connection, Q. shall be computed in accor-
dance with Eq. 5-18:

Ocr = My = dy(F,, A, N,) (Eq. 5-18)

where

A, = gross area of rivet or bolt;
d, = overall beam depth;

F,, = unfactored nominal shear strength of the bolts
or rivets given in Load and Resistance Factor
Design Specification for Structural Steel
Buildings (LRFD) (AISC 1999); and

N, = least number of bolts or rivets connecting
the top or bottom angle to the beam
flange.

1.2 Limit State 2. If the tensile capacity of the hori-
zontal leg of the connection controls the capacity, P
shall be taken as the smaller of that computed by

Eq. 5-19 or 5-20:

(Eq. 5-19)
Pey = F, A, (Eq. 5-20)

and Q. shall be calculated in accordance with
Eq. 5-21:

Oce = Mcp = Pegld, + 1) (Eq. 5-21)



where

F,, = expected yield strength of the angle;
F,, = expected tensile strength of the angle;
A, = effective net area of the horizontal leg;
A gross area of the horizontal leg; and

= thickness of angle.

o

t

a

1.3 Limit State 3. If the tensile capacity of the rivets
or bolts attaching the vertical outstanding leg to the
column flange controls the capacity of the connec-
tion, Q. shall be computed in accordance with

Eq. 5-22:

Oce = Mcp = (d, + b)(F,A,N,) (Eq. 5-22)

where

A, = gross area of rivet or bolt;

b, = dimension in Fig. 5-3;

F,, = expected tensile strength of the bolts or rivets;
and

N, = least number of bolts or rivets connecting top or
bottom angle to column flange.

1.4 Limit State 4. If the flexural yielding of the flange
angles controls the capacity of the connection, Q.
shall be given by Eq. 5-23:

WtﬁFV(’
Qcr =My = —t (d, +b,) (Eq. 5-23)
41 b, — =
[ ‘ 2 ]
where

b, = dimension shown in Fig. 5-3; and
w = length of the flange angle.

2. Double Split Tee Connection. The moment
strength, M, of the double split tee (T-stub) con-
nection, as shown in Fig. 5-4, shall be the smallest
value of M, computed for the following four limit
states:

2.1 Limit State 1. If the shear connectors between the
beam flange and the web of the split tee control the
capacity of the connection, Q. shall be calculated
using Eq. 5-18.

2.2 Limit State 2. If the tension capacity of the bolts
or rivets connecting the flange of the split tee to the
column flange control the capacity of the connection,
QO shall be calculated using Eq. 5-24:

Qcr = My = (dy + 2b, + 1)(F,,A,N,) (Eq.5-24)
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FIGURE 5-4. Double Split Tee Connection.

where

d, = overall beam depth;

b, = distance between one row of fasteners in the
split tee flange and the centerline of the stem as
shown in Fig. 5-4;

t, = thickness of the split tee stem;

F,, = expected tensile strength of the bolts or rivets;
A, = gross area of rivet or bolt; and
N, = number of fasteners in tension connecting
the flanges of one split tee to the column
flange.

2.3 Limit State 3. If tension in the stem of the split
tee controls the capacity of the connection, Eqgs. 5-21
and 5-22 shall be used to determine Q;, with A, and
A, being the gross and net areas of the split tee stem
and replacing 7, with ..

2.4 Limit State 4. If flexural yielding of the flanges
of the split tee controls the capacity of the connec-
tion, Q. shall be determined in accordance with
Eq. 5-25:

_ (db + ts)Wt]%Fve

=M= Eq. 5-25
Oce CE 2, — k) (Eq )

where

k, = distance from the center of the split tee stem to
the edge of the split tee flange fillet;

b, = distance between one row of fasteners in the split
tee flange and the centerline of the stem as
shown in Fig. 5-4;

w = length of split tee; and

t, = thickness of split tee flange.
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3. Bolted Flange Plate Connections. For bolted
flange plate connections, as shown in Fig. 5-5, the
flange plate shall be welded to the column and welded
or bolted to the beam flange. This connection shall be
considered fully restrained if its strength equals or
exceeds the strength of the connected beam. The
expected strength of the connection shall be calculated
in accordance with Eq. 5-26:

Ocy = Mg = Pegldy, + tp) (Eq. 5-26)

where

P, = expected strength of the flange plate connection
as governed by the net section of the flange
plate, the shear capacity of the bolts, or the
strength of the welds to the column flange;

t, = thickness of flange plate; and
d, = overall beam depth.

4. Bolted End Plate Connections. Bolted end
plate connections, as shown in Fig. 5-6, shall be con-
sidered FR if their expected and lower-bound strengths
equal or exceed the expected strength of the connect-
ing beam. The lower-bound strength, O, = M,, shall
be the value determined for the limit state of the bolts
under combined shear and tension and the expected
strength, Q. = M, shall be determined for the limit
state of bending in the end plate calculated in accor-
dance with the procedures of the Load and Resistance
Factor Design Specification for Structural Steel
Buildings (LRFD) (AISC 1999) or by another proce-
dure approved by the authority having jurisdiction.

5. Composite Partially Restrained Connections.
Strength and deformation acceptance criteria of com-
posite partially restrained connections shall be based
on approved rational analysis procedures and experi-
mental evidence.

5.4.3.3.3 Nonlinear Static Procedure The complete
load—deformation relationship of each component as
depicted by Fig. 5-1 shall be determined in accordance
with Section 5.4.2.2.2. The values for expected strength,
O, of PR connections shall be the same as those used
for linear procedures as specified in Section 5.4.3.3.2.

5.4.3.3.4 Nonlinear Dynamic Procedure The complete
hysteretic behavior of each component shall be deter-
mined experimentally or by other procedures approved
by the authority having jurisdiction.

C5.4.3.3.4 Nonlinear Dynamic Procedure FEMA
355D (FEMA 2000) is a useful reference for informa-
tion concerning nonlinear behavior of various tested
connection configurations.

130

O O O
O O O
\
L = Stiffener as
/ Required

o)

o

8]

FIGURE 5-5. Bolted Flange Plate Connection.
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FIGURE 5-6. Bolted End Plate Connection.

5.4.3.4 Acceptance Criteria

5.4.3.4.1 General Component acceptance criteria shall
be computed in accordance with the general require-
ments of Section 5.3.2 and the specific requirements
of this section.

C5.4.3.4.1 General The strength and behavior of PR
steel moment-resisting frames is typically governed by
the connections. The design professional is urged to
consider the acceptance criteria for the mechanism that
controls the system.



5.4.3.4.2 Linear Static and Dynamic Procedures
Design actions shall be compared with design
strengths in accordance with Section 3.4.2. The
m-factors for steel components and connections of PR
frames shall be selected from Table 5-5. Limit states
for which no m-factors are provided in Table 5-5 shall
be considered force-controlled.

Acceptance criteria for steel beams and columns
in PR frames shall be computed in accordance with
Section 5.4.2.4.2.

5.4.3.4.3 Nonlinear Static and Dynamic Procedures
Calculated component actions shall satisfy the require-
ments of Section 3.4.3. Maximum permissible inelastic
deformations shall be taken from Tables 5-6 and 5-7.

5.4.3.5 Rehabilitation Measures

PR moment frames that do not meet the accept-
ance criteria for the selected Rehabilitation Objective
shall be rehabilitated. Rehabilitation measures shall
meet the requirements of Section 5.3.3 and other pro-
visions of this standard.

C5.4.3.5 Rehabilitation Measures

The rehabilitation measures for FR moment
frames described in C5.4.2.5 may be effective for PR
moment frames as well. PR moment frames are often
too flexible to provide adequate seismic performance.
Adding concentric or eccentric bracing, or reinforced
concrete or masonry infills, may be a cost-effective
rehabilitation measure.

Connections in PR moment frames are usually
components that are weak, flexible, or both.
Connections may be rehabilitated by replacing rivets
with high-strength bolts, adding weldment to supple-
ment rivets or bolts, or welding stiffeners to connec-
tion pieces or combinations of these measures. Refer
to FEMA 351 (FEMA 2000) for additional informa-
tion concerning the rehabilitation of PR moment
frames.

5.5 STEEL BRACED FRAMES

5.5.1 General

Steel braced frames shall be defined as those
frames that develop seismic resistance primarily
through axial forces in the components.

Modeling procedures and rehabilitation measures
for concentric braced frames and eccentric braced
frames shall be as specified in Sections 5.5.2 and
5.5.3, respectively. Components of concentric and
eccentric braced frames shall include columns, beams,
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braces, and connections. Eccentric braced frames shall
also include link beam components.

C5.5.1 General

Steel braced frames act as vertical trusses where
the columns are the chords and the beams and braces
are the web members.

Components can be either bare steel, steel with a
nonstructural coating for fire protection, or steel with
concrete or masonry encasement.

5.5.2 Concentric Braced Frames

5.5.2.1 General

Concentric braced frames (CBF) shall be defined
as braced frame systems where component worklines
intersect at a single point in a joint, or at multiple
points such that the distance between points of inter-
section, or eccentricity, e, is less than or equal to the
width of the smallest member connected at the joint.
Bending due to such eccentricities shall be considered
in the design of the components.

5.5.2.2 Stiffness

5.5.2.2.1 Linear Static and Dynamic Procedures
Axial area, shear area, and moment of inertia shall
be calculated as specified for FR frames in Sec-
tion 5.4.2.2.1.

FR connections shall be modeled as specified in
Section 5.4.2.2.1. PR connections shall be modeled as
specified in Section 5.4.3.2.1.

Braces shall be modeled as columns as specified
in Section 5.4.2.2.1.

5.5.2.2.2 Nonlinear Static Procedure 1f the NSP of
Chapter 3 is used, the following criteria shall apply:

1. The elastic component properties shall be modeled
as specified in Section 5.5.2.2.1;

2. The nonlinear moment-curvature or load—deforma-
tion behavior to represent yielding and buckling
shall be as specified in Section 5.4.2.2.2 for beams
and columns and Section 5.4.3.2.2 for PR connec-
tions; and

3. In lieu of relationships derived from experiment or
analysis, the nonlinear load—deformation behavior
of braces shall be modeled as shown in Fig. 5-1
with parameters as defined in Tables 5-6 and 5-7.
For braces loaded in compression, the parameter D
in Fig. 5-1 shall represent total elastic and plastic
axial deformation. The parameter D, shall represent
the axial deformation at the expected buckling load,
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which occurs at point B in the curve in Fig. 5-1.
The reduction in strength of a brace after buckling
shall be included in the model. Modeling of the
compression brace behavior using elasto-plastic
behavior shall be permitted if the yield force is
assumed as the residual strength after buckling, as
defined by parameter c in Fig. 5-1 and Tables 5-6
and 5-7. Implications of forces higher than this
lower-bound force shall be evaluated relative to
other components to which the brace is connected.
For braces in tension, the parameter D, shall be the
axial deformation at development of the expected
tensile yield load in the brace, which occurs at
point B in the curve in Fig. 5-1.

C5.5.2.2.2 Nonlinear Static Procedure FEMA 274
(FEMA 1997) is a useful reference for information
regarding nonlinear load-deformation behavior of
braces.

5.5.2.2.3 Nonlinear Dynamic Procedure The complete
hysteretic behavior of each component shall be based
on experiment or other approved method.

C5.5.2.2.3 Nonlinear Dynamic Procedure FEMA 274
(FEMA 1997) is a useful reference for information
concerning hysteretic behavior of braced frame
components.

5.5.2.3 Strength

5.5.2.3.1 General Component strengths shall be com-
puted in accordance with the general requirements

of Section 5.3.2 and the specific requirements of this
section.

5.5.2.3.2 Linear Static and Dynamic Procedures The
expected strength, O, of steel braces under axial
compression shall be the lowest value obtained for the
limit states of component buckling or local buckling.
The effective design strength, P, shall be calculated
in accordance with Load and Resistance Factor
Design Specification for Structural Steel Buildings
(LRFD) (AISC 1999), taking ¢ = 1.0 and using the
expected yield strength, F,,, for yield strength.

For common cross-bracing configurations where
both braces cross at their midpoints and are attached to
a common gusset plate, the effective length of each
brace shall be taken as 0.5 times the total length of the
brace, including gusset plates for both axes of buck-
ling. For other bracing configurations (chevron, V, sin-
gle brace), the length shall be taken as the total length
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of the brace, including gusset plates, and the effective
length shall be taken as 0.8 times the total length for
in-plane buckling and 1.0 times the total length for
out-of-plane buckling.

The expected strength, O, of steel braces in ten-
sion shall be calculated as for columns, in accordance
with Section 5.4.2.3.2.

Expected, O, and lower-bound, Q,, strengths of
beams and columns shall be calculated as for FR
beams and columns in Section 5.4.2.3. Strength of
beams with axial load that exceeds 10% of the axial
strength shall be as calculated for FR columns.

The lower-bound strength of brace connections
shall be calculated in accordance with the Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC 1999), taking ¢ = 1.0
and using the lower-bound yield strength, F';, for
yield strength.

5.5.2.3.3 Nonlinear Static Procedure In lieu of rela-
tionships derived by experiment or analysis, the com-
plete load—deformation behavior of each component as
depicted by Fig. 5-1 shall be determined in accordance
with Section 5.4.2.2.2. The values for expected
strength, O, shall as specified in Section 5.5.2.3.2 for
linear procedures.

5.5.2.3.4 Nonlinear Dynamic Procedure The complete
hysteretic behavior of each component shall be deter-
mined experimentally or by other procedures approved
by the authority having jurisdiction.

C5.5.2.3.4 Nonlinear Dynamic Procedure FEMA 274
(FEMA 1997) is a useful reference for information
concerning hysteretic behavior of braced frame com-
ponents.

5.5.2.4 Acceptance Criteria

5.5.2.4.1 General Component acceptance criteria shall
be computed in accordance with the general require-
ments of Section 5.3.2 and the specific requirements
of this section.

Axial tension and compression in braces shall be
considered deformation-controlled. Actions on beams
and columns with non-negligible axial load shall be
considered force- or deformation-controlled as deter-
mined for FR frame columns in Section 5.4.2.4.
Compression, tension, shear, and bending actions on
brace connections including gusset plates, bolts,
welds, and other connectors shall be considered
force-controlled.



5.5.2.4.2 Linear Static and Dynamic Procedures
Design actions shall be compared with design
strengths in accordance with Section 3.4.2. The
m-factors for steel components shall be selected
from Table 5-5.

Beams in chevron braced frames shall be evalu-
ated as force-controlled actions to resist the unbal-
anced load effects in combination with gravity loads
in accordance with Section 3.2.8. The unbalanced
load effects shall be calculated using the expected
yield capacity of the brace in tension and 30% of
the expected compression capacity of the brace in
compression.

5.5.2.4.3 Nonlinear Static and Dynamic Procedures
Calculated component actions shall satisfy the require-
ments of Section 3.4.3. Deformations limits shall be
taken from Tables 5-6 and 5-7.

5.5.2.5 Rehabilitation Measures

Concentric braced frame components that do not
meet the acceptance criteria for the selected Rehabilita-
tion Objective shall be rehabilitated. Rehabilitation
measures shall meet the requirements of Section 5.3.3
and other provisions of this standard.

C5.5.2.5 Rehabilitation Measures

The rehabilitation measures for FR moment
frames described in Section C5.4.2.5 may be effective
for braced frames. Other modifications, which may be
effective, include replacement or modification of con-
nections that are insufficient in strength and/or ductil-
ity, and encasement of columns in concrete to improve
their performance.

5.5.3 Eccentric Braced Frames

5.5.3.1 General

Eccentric braced frames (EBF) shall be defined
as braced frames where component worklines do not
intersect at a single point and the distance between
points of intersection, or eccentricity, e, exceeds the
width of the smallest member connected at the joint.
The component segment between these points is
defined as the link component with a span equal to
the eccentricity.

5.5.3.2 Stiffness
5.5.3.2.1 Linear Static and Dynamic Procedures The

elastic stiffness of beams, columns, braces, and con-
nections shall be the same as those specified for FR
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and PR moment frames and concentric braced frames.
The load—deformation model for a link beam shall
include shear deformation and flexural deformation.

The elastic stiffness of the link beam, K,, shall be
computed in accordance with Eq. 5-27:

Kst

=— Eq. 5-27
‘TK 1K, (Eq )
where
GA,
K, = = (Eq. 5-28)
e
12EI,
= 7 (Eq. 5-29)
Aw = (db - 2tf) tw;
e = length of link beam;
G = shear modulus;
K, = stiffness of the link beam;
K, = flexural stiffness;

K, = shear stiffness;

d, = beam depth;

t; = thickness of flange; and
t,, = thickness of web.

5.5.3.2.2 Nonlinear Static Procedure In lieu of rela-
tionships derived from experiment or analysis, the
nonlinear load—deformation behavior of members of
EBFs shall be modeled as shown in Fig. 5-1 and in
accordance with Section 5.4.2.2.2.

Nonlinear models for beams, columns, and con-
nections for FR and PR moment frames, and for the
braces for a CBF, shall be permitted.

The link rotation at yield shall be calculated in
accordance with Eq. 5-30:

- Oce

0, =—
Y

(Eq. 5-30)

5.5.3.2.3 Nonlinear Dynamic Procedure 1f the NDP is
used, the complete hysteretic behavior of each compo-
nent shall be modeled and shall be based on experi-
ment or an approved rational analysis procedure.

C5.5.3.2.3 Nonlinear Dynamic Procedure FEMA 274
(FEMA 1997) is a useful reference for guidelines on
modeling the link beams and information regarding
the hysteretic behavior of eccentric braced frame
(EBF) components.
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5.5.3.3 Strength

5.5.3.3.1 General Component strengths shall be com-
puted in accordance with the general requirements

of Section 5.3.2 and the specific requirements of this
section.

5.5.3.3.2 Linear Static and Dynamic Procedures
Lower-bound compressive strength, P, of braces in
eccentric braced frames shall be calculated as for
columns in accordance with Section 5.4.2.3.2 except
that lower-bound yield strength, F,;;, shall be used for
yield strength.

Expected, O, and lower-bound, Q,, strengths of
beams and columns shall be calculated as for FR
beams and columns in Section 5.4.2.3. Strength of
beams with non-negligible axial load shall be as calcu-
lated for FR columns.

The lower-bound strength of brace connections
shall be calculated in accordance with Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC 1999), taking ¢ = 1.0
and using the lower-bound yield strength, F;;, for
yield strength.

The strength of the link beam shall be governed
by shear, flexure, or the combination of shear and
flexure. M shall be taken as the expected moment
capacity and V; shall be taken as 0.6 F, A,.

MCE

1.6

Ife= Vo Eq. 5-31 shall be used to compute
CE

the expected strength of the link beam:

QCE = VCE = 0'6FveAw (Eq 5_31)

2.6M

Ife > V—CE, Eq. 5-32 shall be used to compute
CE

the expected strength of the link beam:

(Eq. 5-32)

Linear interpolation between Eqs. 5-31 and 5-32
shall be used for intermediate values of e.

5.5.3.3.3 Nonlinear Static Procedure Strengths for
the components of EBFs shall be the same as those
specified in Section 5.5.2.3.3 for the components
of CBFs. In lieu of relationships derived from
experiment or analysis, the load—deformation
behavior of each component, as depicted by

Fig. 5-1, shall be determined in accordance with
Section 5.5.3.2.2.
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5.5.3.3.4 Nonlinear Dynamic Procedure The complete
hysteretic behavior of each component shall be deter-
mined experimentally or by other procedures approved
by the authority having jurisdiction.

5.5.3.4 Acceptance Criteria

5.5.3.4.1 General Component acceptance criteria shall
be computed in accordance with the general require-
ments of Section 5.3.2 and the specific requirements
of this section.

Shear and flexure in link beams shall be consid-
ered deformation-controlled actions. All other actions,
and actions on other EBF components, shall be con-
sidered force-controlled. Compression, tension, shear,
and bending actions on brace connections including
gusset plates, bolts, welds, and other connectors shall
be considered force-controlled.

5.5.3.4.2 Linear Static and Dynamic Procedures
Design actions shall be compared with design
strengths in accordance with Section 3.4.2. The
m-factors for steel components shall be selected from
Table 5-5.

Link beams shall conform to the requirements of
the AISC 341 (AISC 2002) with regard to detailing.
The brace connecting to a link beam, the columns, and
the other components in the EBF shall be designed for
1.25 times the lesser of the link beam flexural or shear
expected strength to ensure link yielding without brace
or column buckling. Where the link beam is attached
to the column flange with full-pen welds, the provi-
sions for these connections shall be the same as for FR
frame full-pen connections. m-factors for flexure and
shear in link beams shall be taken from Table 5-5.

C5.5.3.4.2 Linear Static and Dynamic Procedures The
acceptance criteria for full-penetration, welded beam-
to-column connections are based on testing of typical
moment frame proportioning and span ratios.

5.5.3.4.3 Nonlinear Static and Dynamic Procedures
Calculated component actions shall satisfy the require-
ments of Section 3.4.3. Deformations limits shall be
taken from Tables 5-6 and 5-7.

5.5.3.5 Rehabilitation Measures

Eccentric braced frame components that do
not meet the acceptance criteria for the selected
Rehabilitation Objective shall be rehabilitated.
Rehabilitation measures shall meet the require-
ments of Section 5.3.3 and other provisions of this
standard.



C5.5.3.5 Rehabilitation Measures

The rehabilitation measures described in C5.3.2.4
for FR moment frames and in C5.4.2.4 for concentric
braced frames (CBFs) may be effective for many of
the beams, columns, and braces. Cover plates and/or
stiffeners may be effective in rehabilitating these com-
ponents. The strength of the link may be increased by
adding cover plates to the beam flange(s), adding dou-
bler plates or stiffeners to the web, or changing the
brace configuration.

5.6 STEEL PLATE SHEAR WALLS

5.6.1 General

A steel plate shear wall, with or without perfora-
tions, shall be provided with boundary members on all
four sides and shall be fastened to these boundary ele-
ments. The boundary elements shall be evaluated as
beams and/or columns.

C5.6.1 General

A steel plate wall develops its seismic resistance
through shear stress in the plate wall. Although steel
plate walls are not common, they have been used to
rehabilitate a few essential structures where Immediate
Occupancy and operation of a facility is mandatory
after a large earthquake. Due to their stiffness, the steel
plate walls attract much of the seismic shear. It is essen-
tial that the new load paths be carefully established.

The provisions for steel plate walls in this stan-
dard assume that the plates are sufficiently stiffened to
prevent buckling. The design professional is referred
to Timler (2000) for additional information regarding
the behavior and design of steel plate shear walls.

5.6.2 Stiffness

5.6.2.1 Linear Static and Dynamic Procedures

Use of a plane stress finite element with beams
and columns as boundary elements to analyze a steel
plate shear wall shall be permitted. The global stift-
ness of the wall, K, shall be calculated in accordance

with Eq. 5-33 unless another method based on princi-
ples of mechanics is used.

K, = (Eq. 5-33)

where

G = shear modulus of steel;
a = clear width of wall between vertical boundary
elements;
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h = clear height of wall between beams; and
t,, = thickness of plate wall.

5.6.2.2 Nonlinear Static Procedure

The elastic stiffness of the load—deformation rela-
tionship for the wall shall be as specified in Sec-
tion 5.6.2.1. The complete nonlinear load—deformation
relationship shall be based on experiment or approved
rational analysis. Alternatively, use of the generalized
load—deformation relationship shown in Fig. 5-1, as
specified in Section 5.4.2.2.2, shall be permitted using
strength and deformation limits based on the require-
ments of Sections 5.6.3 and 5.6.4.

5.6.2.3 Nonlinear Dynamic Procedure

The complete hysteretic behavior of each compo-
nent shall be modeled by a rational procedure verified
by experiment.

C5.6.2.3 Nonlinear Dynamic Procedure
This procedure is not recommended in most cases.

5.6.3 Strength

5.6.3.1 General

Component strengths shall be computed in accor-
dance with the general requirements of Section 5.3.2
and the specific requirements of this section.

5.6.3.2 Linear Static and Dynamic Procedures

The expected strength of the steel wall, O, shall
be determined using the applicable equations in Part 6
of Load and Resistance Factor Design Specification
for Structural Steel Buildings (LRFD) (AISC 1999),
with ¢ = 1.0 and the expected yield strength, F,, sub-
stituted for F, The wall shall be permitted to be mod-
eled as the web of a plate girder. If stiffeners are
provided to prevent buckling, they shall be spaced
according to the requirements for plate girders given
in Load and Resistance Factor Design Specification
for Structural Steel Buildings (LRFD) and the expected
strength of the wall shall be determined by Eq. 5-34:

Qcx = Vep = 0.6F, at,, (Eq. 5-34)

where

F,, = expected yield strength;
a = clear width of the wall between vertical bound-
ary elements; and
t,, = thickness of plate wall.

In lieu of providing stiffeners, the steel wall shall
be permitted to be encased in concrete. If buckling is
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not prevented by the use of stiffeners, equations for
Ve given in Load and Resistance Factor Design
Specification for Structural Steel Buildings (LRFD) for
plate girders shall be used to calculate the expected
strength of the wall.

5.6.3.3 Nonlinear Static and Dynamic Procedures

The generalized load—deformation curve shown
in Fig. 5-1, as specified in Section 5.4.2.2.2, shall
be used to represent the complete load—deformation
behavior of the steel shear wall to failure unless
another load—deformation relationship based on
experiment or approved rational analysis verified by
experiment is used. The expected strength, O,
shall be calculated in accordance with Eq. 5-34. The
yield deformation shall be calculated in accordance
with Eq. 5-35:

A, == (Eq. 5-35)

5.6.4 Acceptance Criteria

5.6.4.1 Linear Static and Dynamic Procedures

Design actions shall be compared with design
strengths in accordance with Section 3.4.2. The
m-factors for steel components shall be selected from
Table 5-5.

Shear behavior in steel plate shear walls shall be
considered a deformation-controlled action, with
acceptance criteria as provided in Table 5-5. Design
restrictions for plate girder webs given in Load and
Resistance Factor Design Specification for Structural
Steel Buildings (LRFD) (AISC1999), including those
related to stiffener spacing, shall be followed.

5.6.4.2 Nonlinear Static and Dynamic Procedures

Calculated component actions shall satisfy the
requirements of Section 3.4.3. Deformation limits
shall be taken from Tables 5-6 and 5-7.

5.6.5 Rehabilitation Measures

Steel plate walls that do not meet the acceptance
criteria for the selected Rehabilitation Objective shall
be rehabilitated. Rehabilitation measures shall meet
the requirements of Section 5.3.3 and other provisions
of this standard.

C5.6.5 Rehabilitation Measures

Rehabilitation measures may include the addition
of stiffeners, encasement in concrete, or the addition
of concrete or steel plate shear walls.

136

5.7 STEEL FRAMES WITH INFILLS

Steel frames with partial or complete infills of rein-
forced concrete or reinforced or unreinforced masonry
shall be evaluated considering the combined stiffness
of the steel frame and infill material.

The engineering properties and acceptance criteria
for the infill walls shall comply with the requirements
in Chapter 6 for concrete and Chapter 7 for masonry.
Infill walls and frames shall be considered to carry the
seismic force in composite action, considering the rel-
ative stiffness of each element, until complete failure
of the walls has occurred. The interaction between the
steel frame and infill shall be considered using proce-
dures specified in Chapter 6 for concrete frames with
infill. The analysis of each component shall be done in
stages, considering the effects of interaction between
the elements and carried through each performance
level. At the point where the infill has been deemed to
fail, as determined by the acceptance criteria specified
in Chapter 6 or Chapter 7, the wall shall be removed
from the analytical model. The analysis shall be
resumed on the bare steel frame, taking into considera-
tion any vertical discontinuity created by the degraded
wall. At this point, the engineering properties and
acceptance criteria for the frame, as specified in
Section 5.4, shall apply.

C5.7 STEEL FRAMES WITH INFILLS

Seismic evaluation of infill walls is required because,
in many cases, these walls are unreinforced or lightly
reinforced, and their strength and ductility may be
inadequate. Before the loss of the wall, the steel frame
adds confining pressure to the wall and enhances its
resistance. The actual effective forces on the steel
frame components, however, are probably minimal. As
the frame components attempt to develop force, they
deform and the stiffer concrete or masonry compo-
nents on the far side of the member pick up load.
However, beam end connections, column splices, and
steel frame connections at the foundation should be
investigated for forces due to interaction with the infill
similar to procedures specified for concrete frames in
Chapter 6.

The stiffness and resistance provided by concrete
and/or masonry infills may be much larger than the
stiffness of the steel frame acting alone with or with-
out composite actions. Gaps or incomplete contact
between the steel frame and the infill may negate
some or all of this stiffness. These gaps may be



between the wall and columns of the frame or between
the wall and the top beam enclosing the frame.
Different strength and stiffness conditions must be
expected with different discontinuity types and loca-
tions. Therefore, the presence of any gaps or disconti-
nuities between the infill walls and the frame must be
determined and considered in the design and rehabili-
tation process. The resistance provided by infill walls
may also be included if proper evaluation of the con-
nection and interaction between the wall and the frame
is made and if the strength, ductility, and properties of
the wall are properly included.

The stiffness provided by infill masonry walls is
excluded from the design and rehabilitation process
unless integral action between the steel frame and the
wall is verified. If complete or partial interaction
between the wall and frame is verified, the stiffness is
increased accordingly. The seismic performance of
unconfined masonry walls is far inferior to that of con-
fined masonry walls; therefore, the resistance of the
attached wall can be used only if strong evidence as to
its strength, ductility, and interaction with the steel
frame is provided.

5.8 DIAPHRAGMS
5.8.1 Bare Metal Deck Diaphragms

5.8.1.1 General

Metal deck diaphragms shall be composed of metal
plate or gage thickness steel sheets formed in a repeating
pattern with ridges and valleys. Decking units shall be
attached to each other by welds, crimping, or mechanical
fasteners and shall be attached to the structural steel sup-
ports by welds or by mechanical fasteners. Bare metal
deck diaphragms shall be permitted to resist seismic
loads acting alone or in conjunction with supplementary
diagonal bracing complying with the requirements of
Section 5.8.4. Steel frame elements, to which bare metal
deck diaphragms are attached at their boundaries, shall
be considered to be the chord and collector elements.

Criteria shall apply to existing diaphragms as well
as to stiffened, strengthened, or otherwise rehabilitated
diaphragms. Interaction of new and existing elements of
rehabilitated diaphragms shall be evaluated to ensure
strain compatibility. Load transfer mechanisms between
new and existing diaphragm elements shall be evaluated.

C5.8.1.1 General
Bare metal deck diaphragms are usually used for
roofs of buildings where there are very light gravity
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loads other than support of roofing materials. Load
transfer to frame elements that act as chords or collec-
tors in modern frames is through shear connectors,
puddle welds, screws, or shot pins.

5.8.1.2 Stiffness

5.8.1.2.1 Linear Procedures Metal deck diaphragms
shall be classified as flexible, stiff, or rigid in accor-
dance with Section 3.2.4. Flexibility factors for use in
the analysis shall be calculated by an approved
rational method.

C5.8.1.2.1 Linear Procedures Flexibility factors for
various types of metal decks are available from manu-
facturers’ catalogs. In systems for which values are not
available, values can be established by interpolating
between the most representative systems for which val-
ues are available. Flexibility factors for use in the
analysis can also be calculated using the Steel Deck
Institute (SDI) Diaphragm Design Manual (SDI 1981).

5.8.1.2.2 Nonlinear Static Procedure Inelastic proper-
ties of diaphragms shall not be included in inelastic seis-
mic analyses if the weak link of the diaphragm is con-
nection failure. Procedures for developing models for
inelastic response of wood diaphragms in unreinforced
masonry (URM) buildings shall be permitted for use as
the basis of an inelastic model of a flexible metal
diaphragm. A strain-hardening modulus of 3% shall be
used in the post-elastic region.

5.8.1.3 Strength

The strength of bare metal deck diaphragms shall
be determined in accordance with Section 5.3.2 and
the requirements of this section.

Expected strength, O, for bare metal deck
diaphragms shall be taken as two times allowable values
specified in approved codes and standards, unless a
larger value is justified by test data. Alternatively,
lower-bound strength shall be taken as nominal strength
published in codes or standards approved by the author-
ity having jurisdiction, except that the strength reduc-
tion factor, ¢, shall be taken equal to unity.

Lower-bound strengths, Q,, of welded connectors
shall be as specified in the Welding Code for Sheet
Steel, AWS D1.3 (AWS 1998), or other approved
standard.

C5.8.1.3 Strength

Capacities of steel deck diaphragms are given
in International Code Council (ICC-ES) reports, in
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manufacturers’ literature, or in the publications of the
SDI. Where allowable stresses are given, these may be
multiplied by 2.0 in lieu of information provided by
the manufacturer or other knowledgeable sources.

Connections between metal decks and steel fram-
ing commonly use puddle welds. Connection capaci-
ties are provided in ICC-ES reports, manufacturers’
data, the SDI Diaphragm Design Manual (SDI 1981),
or AWS D1.3 (AWS 1998). Other attachment systems,
such as clips, are sometimes used.

5.8.1.4 Acceptance Criteria

Connections of bare metal deck diaphragms shall
be considered force-controlled. Connection capacity
shall be checked for the ability to transfer the total
diaphragm reaction into the steel framing. Diaphragms
that are governed by the capacity of the connections
shall also be considered force-controlled. Bare metal
deck diaphragms not governed by the capacity of the
connections shall be considered deformation-con-
trolled. The m-factors for shear yielding or plate buck-
ling shall be taken from Table 5-5.

For the Life Safety Structural Performance Level,
a loss of bearing support or anchorage of the deck
shall not be permitted. For higher performance levels,
the amount of damage to the connections shall not
impair the load transfer between the diaphragm and
the steel frame. Deformations shall not exceed the
threshold of deflections that cause unacceptable dam-
age to other elements (either structural or nonstruc-
tural) at specified performance levels.

C5.8.1.4 Acceptance Criteria

If bare deck capacity is controlled by connections
to frame members or panel buckling, then inelastic
action and ductility are limited and the deck should be
considered to be a force-controlled member.

5.8.1.5 Rehabilitation Measures

Bare metal diaphragms that do not meet the
acceptance criteria for the selected Rehabilitation
Objective shall be rehabilitated. Rehabilitation meas-
ures shall meet the requirements of Section 5.3.3 and
other provisions of this standard.

C5.8.1.5 Rehabilitation Measures
The following measures may be effective in reha-
bilitating bare metal diaphragms:

1. Adding shear connectors for transfer of stress to
chord or collector elements;

2. Strengthening existing chords or collectors by
the addition of new steel plates to existing frame
components;
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3. Adding puddle welds or other shear connectors at
panel perimeters;

4. Adding diagonal steel bracing to form a horizontal
truss to supplement diaphragm strength;

5. Adding structural concrete; and

6. Adding connections between deck and supporting
members.

5.8.2 Metal Deck Diaphragms with Structural
Concrete Topping

5.8.2.1 General

Metal deck diaphragms with structural concrete top-
ping, consisting of either a composite deck with indenta-
tions, or a noncomposite form deck and the concrete top-
ping slab with reinforcement acting together, shall be per-
mitted to resist diaphragm loads. The concrete fill shall
be either normal or lightweight structural concrete, with
reinforcing composed of wire mesh or reinforcing steel.
Decking units shall be attached to each other by welds,
crimping, or mechanical fasteners and shall be attached
to structural steel supports by welds or by mechanical
fasteners. The steel frame elements to which the topped
metal deck diaphragm boundaries are attached shall be
considered the chord and collector elements.

Criteria shall apply to existing diaphragms as well
as new and rehabilitated diaphragms. Interaction of
new and existing elements of rehabilitated diaphragms
shall be evaluated for strain compatibility. Load trans-
fer mechanisms between new and existing diaphragm
components shall be considered in determining the
flexibility of the diaphragm.

C5.8.2.1 General

Metal deck diaphragms with structural concrete
topping are frequently used on floors and roofs of
buildings where there are typical floor gravity loads.
Concrete has structural properties that significantly
add to diaphragm stiffness and strength. Concrete rein-
forcing ranges from light mesh reinforcement to a reg-
ular grid of small reinforcing bars (No. 3 or No. 4).
Metal decking is typically composed of corrugated
sheet steel from 22 ga. down to 14 ga. Rib depths vary
from l% to 3 in. in most cases. Attachment of the metal
deck to the steel frame is usually accomplished using
puddle welds at 1 to 2 ft on center. For composite
behavior, shear studs are welded to the frame before
the concrete is cast.

Load transfer to frame elements that act as chords
or collectors in modern frames is usually through pud-
dle welds or headed studs. In older construction where
the frame is encased for fire protection, load transfer is
made through bond.



5.8.2.2 Stiffness

5.8.2.2.1 Linear Procedures For existing topped metal
deck diaphragms, a rigid diaphragm assumption shall
be permitted if the span-to-depth ratio is not greater
than 5:1. For greater span-to-depth ratios, and in cases
with plan irregularities, diaphragm flexibility shall be
explicitly included in the analysis in accordance with
Section 3.2.4. Diaphragm stiffness shall be calculated
using an approved method with a representative con-
crete thickness.

C5.8.2.2.1 Linear Procedures Flexibility factors for
topped metal decks are available from manufacturers’
catalogs. For combinations for which values are not
available, values can be established by interpolating
between the most representative systems for which
values are available. Flexibility factors for use in the
analysis can also be calculated using the SDI
Diaphragm Design Manual (SDI 1981).

5.8.2.2.2 Nonlinear Procedures Inelastic properties of
diaphragms shall not be included in inelastic seismic
analyses if the weak link in the diaphragm is connec-
tion failure. Procedures for developing models for
inelastic response of wood diaphragms in URM build-
ings shall be permitted for use as the basis of an
inelastic model of a flexible metal deck diaphragm
with structural concrete topping.

5.8.2.3 Strength

Capacities of metal deck diaphragms with struc-
tural concrete topping shall be established by an
approved procedure.

Alternatively, the expected strength, O, of
topped metal deck diaphragms shall be taken as two
times allowable values specified in approved codes
and standards unless a larger value is justified by test
data. Lower-bound strengths, Q,, of welded connec-
tors shall be as specified in AWS D1.3 (AWS 1998) or
other approved standards. Lower-bound strengths, Q,,
for headed stud connectors shall be as specified in
Load and Resistance Factor Design Specification for
Structural Steel Buildings (LRFD) (AISC 1999), with
¢ =1.0.

C5.8.2.3 Strength

Member capacities of steel deck diaphragms with
structural concrete are given in manufacturers’ cata-
logs, ICC-ES reports, or the SDI Diaphragm Design
Manual (SDI 1981). If composite deck capacity is
controlled by shear connectors, inelastic action and
ductility are limited. It would be expected that there
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would be little or no inelastic action in steel deck/con-
crete diaphragms, except in long span conditions;
however, perimeter transfer mechanisms and collector
forces must be considered to be sure this is the case.
SDI calculation procedures or ICC-ES values with a
multiplier of 2.0 should be used to bring allowable
values to a strength level. Connector capacities

may also be found in ICC-ES reports, manufacturers’
data, or the SDI Diaphragm Design Manual

(SDI 1981).

5.8.2.4 Acceptance Criteria

Connections of metal deck diaphragms with struc-
tural concrete topping shall be considered force-con-
trolled. Connection capacity shall be checked for the
ability to transfer the total diaphragm reaction into
the steel framing. Diaphragms that are governed
by the capacity of the connections shall also be
considered force-controlled. Topped metal deck
diaphragms not governed by the capacity of the con-
nections shall be considered deformation-controlled.
The m-factors for shear yielding shall be taken from
Table 5-5.

For the Life Safety Structural Performance Level,
a loss of bearing support or anchorage shall not be
permitted. For higher performance levels, the amount
of damage to the connections or cracking in concrete-
filled slabs shall not impair the load transfer between
the diaphragm and the steel frame. Deformations shall
be limited to be below the threshold of deflections that
cause damage to other elements (either structural or
nonstructural) at specified performance levels.
Acceptance criteria for collectors shall be as specified
in Section 5.8.6.4.

Shear connectors for steel beams designed to act
compositely with the slab shall have the capacity to
transfer both diaphragm shears and composite beam
shears. Where the beams are encased in concrete, use
of bond between the steel and the concrete shall be
permitted to transfer loads.

C5.8.2.4 Acceptance Criteria

Shear failure of topped metal deck diaphragms
requires cracking of the concrete or tearing of the
metal deck, so m-factors have been set at conservative
levels.

5.8.2.5 Rehabilitation Measures

Metal deck diaphragms with structural concrete
topping that do not meet the acceptance criteria for the
selected Rehabilitation Objective shall be rehabilitated.
Rehabilitation measures shall meet the requirements of
Section 5.3.3 and other provisions of this standard.
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C5.8.2.5 Rehabilitation Measures

The following measures may be effective in reha-
bilitating metal deck diaphragms with structural con-
crete topping:

1. Adding shear connectors to transfer forces to chord
or collector elements;

2. Strengthening existing chords or collectors by the
addition of new steel plates to existing frame com-
ponents, or attaching new plates directly to the slab
by embedded bolts or epoxy; and

3. Adding diagonal steel bracing to supplement
diaphragm strength.

5.8.3 Metal Deck Diaphragms with Nonstructural
Topping

5.8.3.1 General

Metal deck diaphragms with nonstructural topping
shall be evaluated as bare metal deck diaphragms,
unless the strength and stiffness of the nonstructural
topping are substantiated through approved test
data.

C5.8.3.1 General

Metal deck diaphragms with nonstructural fill are
typically used on roofs of buildings where there are
very small gravity loads. The fill, such as very light-
weight insulating concrete (e.g., vermiculite), usually
does not have usable structural properties and is most
often unreinforced. Consideration of any composite
action must be done with caution after extensive inves-
tigation of field conditions. Material properties, force
transfer mechanisms, and other similar factors must be
verified in order to include such composite action.
Typically, the decks are composed of corrugated sheet
steel from 22 ga. down to 14 ga., and the rib depths
vary from 9/16 to 3 in. in most cases.

5.8.3.2 Stiffness

5.8.3.2.1 Linear Procedures The potential for compos-
ite action and modification of load distribution shall be
considered if composite action results in higher
demands on components of the lateral-force-resisting
system. Otherwise, the composite action shall be per-
mitted to be ignored as described in Section 5.8.3.1.
Interaction of new and existing elements of strength-
ened diaphragms shall be evaluated by maintaining
strain compatibility between the two, and the load
transfer mechanisms between the new and existing
diaphragm elements shall be considered in determin-
ing the flexibility of the diaphragm. Similarly, the

140

interaction of new diaphragms with existing frames
shall be evaluated, as well as the load transfer mecha-
nisms between them.

C5.8.3.2.1 Linear Procedures Flexibility of the
diaphragm will depend on the strength and thickness
of the topping. It may be necessary to bound the solu-
tion in some cases using both rigid and flexible
diaphragm assumptions.

5.8.3.2.2 Nonlinear Procedures Inelastic response of
diaphragms shall not be permitted in inelastic seismic
analyses if the weak link in the diaphragm is connec-
tion failure. Procedures for developing models for
inelastic response of wood diaphragms in URM build-
ings shall be permitted as the basis of an inelastic
model of a flexible bare metal deck diaphragm with
nonstructural topping.

5.8.3.3 Strength

Capacities of metal deck diaphragms with non-
structural topping shall be taken as specified for bare
metal deck in Section 5.8.1. Capacities for welded and
headed stud connectors shall be taken as specified in
Section 5.8.2.3.

5.8.3.4 Acceptance Criteria

Connections of metal deck diaphragms with non-
structural topping to steel framing shall be considered
force-controlled. Connection capacity shall be checked
for the ability to transfer the total diaphragm reaction
into the steel framing. Diaphragms that are governed
by the capacity of the connections shall also be con-
sidered force-controlled. Topped metal deck
diaphragms not governed by the capacity of the con-
nections shall be considered deformation-controlled.
The m-factors for shear yielding or plate buckling
shall be taken from Table 5-5.

For the Life Safety Structural Performance Level,
a loss of bearing support or anchorage shall not be
permitted. For higher performance levels, the amount
of damage to the connections or cracking in concrete
filled slabs shall not impair the load transfer mecha-
nism between the diaphragm and the steel frame.
Deformations shall be limited to be below the thresh-
old of deflections that cause damage to other elements
(either structural or nonstructural) at specified per-
formance levels.

(C5.8.3.4 Acceptance Criteria
Generally, there should be little or no inelastic
action in the diaphragms, provided the connections to



the framing members are adequate. SDI calculation
procedures, or International Conference of Building
Officials (ICBO) values with a multiplier of 2, should
be used to bring capacities from allowable values to
strength levels.

5.8.3.5 Rehabilitation Measures

Metal deck diaphragms with nonstructural topping
that do not meet the acceptance criteria for the
selected Rehabilitation Objective shall be rehabilitated.
Rehabilitation measures shall meet the requirements of
Section 5.3.3 and other provisions of this standard.

C5.8.3.5 Rehabilitation Measures
The following measures may be effective in reha-
bilitating metal deck diaphragms with nonstructural

topping:

1. Adding shear connectors to transfer forces to chord
or collector elements;

2. Strengthening existing chords or collectors by the
addition of new steel plates to existing frame com-
ponents, or attaching new plates directly to the slab
by embedded bolts or epoxy;

3. Adding puddle welds at panel perimeters of
diaphragms;

4. Adding diagonal steel bracing to supplement
diaphragm strength; and

5. Replacing nonstructural fill with structural concrete.

5.8.4 Horizontal Steel Bracing (Steel Truss
Diaphragms)

5.8.4.1 General

Horizontal steel bracing (steel truss diaphragms)
shall be permitted to act as diaphragms independently
or in conjunction with bare metal deck roofs. Where
structural concrete fill is provided over the metal deck-
ing, relative rigidities between the steel truss and con-
crete systems shall be considered in the analysis.

Criteria shall apply to existing truss diaphragms,
strengthened truss diaphragms, and new diaphragms.

Where steel truss diaphragms are added as part of
a rehabilitation plan, interaction of new and existing
elements of strengthened diaphragm systems (stiffness
compatibility) shall be evaluated and the load transfer
mechanisms between new and existing diaphragm ele-
ments shall be considered in determining the flexibil-
ity of the strengthened diaphragm.

Load transfer mechanisms between new
diaphragm elements and existing frames shall be con-
sidered in determining the flexibility of the
diaphragm/frame system.
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C5.8.4.1 General

Steel truss diaphragm elements are typically
found in conjunction with vertical framing systems
that are of structural steel framing. Steel trusses are
more common in long span situations, such as special
roof structures for arenas, exposition halls, auditori-
ums, and industrial buildings. Diaphragms with large
span-to-depth ratios may often be stiffened by the
addition of steel trusses. The addition of steel trusses
for diaphragms identified to be deficient may provide
a proper method of enhancement.

Horizontal steel bracing (steel truss diaphragms)
may be made up of any of the various structural
shapes. Often, the truss chord elements consist of wide
flange shapes that also function as floor beams to sup-
port the gravity loads of the floor. For lightly loaded
conditions, such as industrial metal deck roofs without
concrete fill, the diagonal members may consist of
threaded rod elements, which are assumed to act only
in tension. For steel truss diaphragms with large loads,
diagonal elements may consist of wide flange mem-
bers, tubes, or other structural elements that will act in
both tension and compression. Truss element connec-
tions are generally concentric, to provide the maxi-
mum lateral stiffness and ensure that the truss
members act under pure axial load. These connections
are generally similar to those of gravity-load-resisting
trusses.

5.8.4.2 Stiffness

5.8.4.2.1 Linear Procedures Truss diaphragm systems
shall be modeled as horizontal truss elements (similar
to braced steel frames) where axial stiffness controls
deflections. Joints shall be permitted to be modeled as
pinned except where joints provide moment resistance
or where eccentricities exist at the connections. In
such cases, joint rigidities shall be modeled. Flexibility
of truss diaphragms shall be explicitly considered in
distribution of lateral loads to vertical elements.

5.8.4.2.2 Nonlinear Procedures Inelastic models simi-
lar to those of braced steel frames shall be used for
truss elements where nonlinear behavior of truss ele-
ments will occur. Elastic properties of truss
diaphragms shall be permitted in the model for inelas-
tic seismic analyses where nonlinear behavior of truss
elements will not occur.

5.8.4.3 Strength

Capacities of truss diaphragm members shall be
calculated as specified for steel braced frame members
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in Section 5.5. Lateral support of truss diaphragm
members provided by metal deck, with or without
concrete fill, shall be considered in evaluation of truss
diaphragm capacities. Gravity force effects shall be
included in the calculations for those members that
support gravity loads.

5.8.4.4 Acceptance Criteria

Force transfer mechanisms between various mem-
bers of the truss at the connections, and between
trusses and frame elements, shall be evaluated to ver-
ify the completion of the load path.

For the Life Safety Structural Performance Level,
a loss of bearing support or anchorage shall not be
permitted. For higher performance levels, the amount
of damage to the connections or bracing elements shall
not result in the loss of the load transfer between the
diaphragm and the steel frame. Deformations shall be
limited to be below the threshold of deflections that
cause damage to other elements (either structural or
nonstructural) at specified performance levels.

5.8.4.4.1 Linear Procedures Linear acceptance criteria
for horizontal steel truss diaphragm components shall
be as specified for concentric braced frames in Sec-
tion 5.5.2.4 except that beam and column criteria need
not be used. Use of m-factors specified for diagonal
brace components, in lieu of those for beam and col-
umn components of braced frames, shall be permitted
for strut and chord members in the truss.

5.8.4.4.2 Nonlinear Procedures Nonlinear acceptance
criteria for horizontal steel truss diaphragm compo-
nents shall be as specified for concentric braced
frames in Section 5.5.2.4 except that beam and column
criteria need not be used. Use of plastic deformations
specified for diagonal brace components, in lieu of
those specified for beam and column components of
braced frames, shall be permitted for strut and chord
members in the truss.

5.8.4.5 Rehabilitation Measures

Steel truss diaphragms that do not meet the
acceptance criteria for the selected Rehabilitation
Objective shall be rehabilitated. Rehabilitation meas-
ures shall meet the requirements of Section 5.3.3 and
other provisions of this standard.

C5.8.4.5 Rehabilitation Measures
The following measures may be effective in reha-
bilitating steel truss diaphragms:

1. Diagonal components may be added to form addi-
tional horizontal trusses as a method of strengthen-
ing a weak existing diaphragm;
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2. Existing chords components strengthened by the
addition of shear connectors to enhance composite
action;

3. Existing steel truss components strengthened
by methods specified for braced steel frame
members;

4. Truss connections strengthened by the addition
of welds, new or enhanced plates, and bolts;
and

5. Structural concrete fill added to act in combina-
tion with steel truss diaphragms after verifying
the effects of the added weight of concrete fill.

5.8.5 Archaic Diaphragms

5.8.5.1 General

Archaic diaphragms in steel buildings are those
consisting of shallow brick arches that span between
steel floor beams, with the arches packed tightly
between the beams to provide the necessary resistance
to thrust forces.

C5.8.5.1 General

Archaic steel diaphragm elements are almost
always found in older steel buildings in conjunction
with vertical systems of structural steel framing. The
brick arches were typically covered with a very low-
strength concrete fill, usually unreinforced. In many
instances, various archaic diaphragm systems were
patented by contractors.

5.8.5.2 Stiffness

5.8.5.2.1 Linear Procedures Existing archaic
diaphragm systems shall be modeled as a horizontal
diaphragm with equivalent thickness of brick arches
and concrete fill. Modeling of the archaic diaphragm
as a truss with steel beams as tension elements and
arches as compression elements shall be permitted.
The flexibility of archaic diaphragms shall be consid-
ered in calculating the distribution of lateral loads to
vertical elements. Analysis results shall be evaluated
to verify that diaphragm response remains elastic as
assumed.

Interaction of new and existing elements of
strengthened diaphragms shall be evaluated by check-
ing the strain compatibility of the two in cases where
new structural elements are added as part of a seismic
rehabilitation. Load transfer mechanisms between new
and existing diaphragm elements shall be considered
in determining the flexibility of the strengthened
diaphragm.



5.8.5.2.2 Nonlinear Procedures Archaic diaphragms
shall be required to remain in the elastic range unless
otherwise approved.

C5.8.5.2.2 Nonlinear Procedures Inelastic properties
of archaic diaphragms should be chosen with caution
for seismic analyses. For the case of archaic
diaphragms, inelastic models similar to those of
archaic timber diaphragms in unreinforced masonry
buildings may be appropriate. Inelastic deformation
limits of archaic diaphragms should be lower than
those prescribed for a concrete-filled diaphragm.

5.8.5.3 Strength

Member capacities of archaic diaphragm compo-
nents shall be permitted to be calculated, assuming no
tension capacity exists for all components except steel
beam members. Gravity force effects shall be included
for components of these diaphragms. Force transfer
mechanisms between various members and between
frame elements shall be evaluated to verify the com-
pletion of the load path.

5.8.5.4 Acceptance Criteria

Archaic diaphragms shall be considered force-
controlled. For the Life Safety Structural Performance
Level, diaphragm deformations and displacements
shall not lead to a loss of bearing support for the ele-
ments of the arches. For higher performance levels, the
deformation due to diagonal tension shall not result in
the loss of the load transfer mechanism. Deformations
shall be limited below the threshold of deflections that
cause damage to other elements (either structural or
nonstructural) at specified performance levels. These
values shall be established in conjunction with those
for steel frames.

5.8.5.5 Rehabilitation Measures

Archaic diaphragms that do not meet the accept-
ance criteria for the selected Rehabilitation Objective
shall be rehabilitated. Rehabilitation measures shall
meet the requirements of Section 5.3.3 and other pro-
visions of this standard.

C5.8.5.5 Rehabilitation Measures
The following measures may be effective in reha-
bilitating archaic diaphragms:

1. Adding diagonal members to form a horizontal
truss as a method of strengthening a weak archaic
diaphragm;

2. Strengthening existing steel members by adding
shear connectors to enhance composite action;
and
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3. Removing weak concrete fill and replacing it with a
structural concrete topping slab after verifying the
effects of the added weight of concrete fill.

5.8.6 Chord and Collector Elements

5.8.6.1 General

Steel framing that supports the diaphragm shall be
permitted as diaphragm chord and collector elements.
Where structural concrete is present, additional slab
reinforcing shall be permitted to act as the chord or
collector for tensile loads, while the slab carries chord
or collector compression. Where the steel framing acts
as a chord or collector, it shall be attached to the deck
with spot welds or by mechanical fasteners.

C5.8.6.1 General

Where reinforcing acts as the chord or collector,
load transfer occurs through bond between the rein-
forcing bars and the concrete.

5.8.6.2 Stiffness

Modeling assumptions specified for equivalent
steel frame members in this chapter shall be used for
chord and collector elements.

5.8.6.3 Strength

Capacities of structural steel chords and collectors
shall be as specified for FR beams and columns in
Section 5.4.2.3.2. Capacities for reinforcing steel
embedded in concrete slabs and acting as chords or
collectors shall be determined in accordance with the
provisions of Chapter 6.

5.8.6.4 Acceptance Criteria

Inelastic action in chords and collectors shall be
permitted if it is permitted in the diaphragm. Where
such actions are permissible, chords and collectors
shall be considered deformation-controlled. The
m-factors shall be taken from Table 5-5 and inelastic
acceptance criteria shall be taken from FR beam and
column components in Section 5.4. Where inelastic
action is not permitted, chords and collectors shall be
considered force-controlled components. Where chord
and collector elements are force-controlled, O, need
not exceed the total force that can be delivered to the
component by the expected strength of the diaphragm
or the vertical elements of the lateral-force-resisting
system. For the Life Safety Structural Performance
Level, the deformations and displacements of chord
and collector components shall not result in the loss of
vertical support. For higher performance levels, chords
and collectors shall not impair the load path.
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Welds and connectors joining the diaphragms to
the chords and collectors shall be considered force-
controlled. If all connections meet the acceptance cri-
teria, the diaphragm shall be considered to prevent
buckling of the chord member within the plane of the
diaphragm. Where chords or collectors carry gravity
loads in combination with seismic loads, they shall be
checked as members with combined axial load and
bending in accordance with Section 5.4.2.4.2.

5.8.6.5 Rehabilitation Measures

Chord and collector elements that do not meet the
acceptance criteria for the selected Rehabilitation
Objective shall be rehabilitated. Rehabilitation meas-
ures shall meet the requirements of Section 5.3.3 and
other provisions of this standard.

C5.8.6.5 Rehabilitation Measures
The following measures may be effective in reha-
bilitating chord and collector elements:

1. Strengthen the connection between diaphragms and
chords or collectors;

2. Strengthen steel chords or collectors with steel
plates attached directly to the slab with embedded
bolts or epoxy, and strengthen slab chord or collec-
tors with added reinforcing bars; and

3. Add chord members.

5.9 STEEL PILE FOUNDATIONS

5.9.1 General

A pile shall provide strength and stiffness to
the foundation either by bearing directly on soil or
rock, by friction along the pile length in contact
with the soil, or by a combination of these mecha-
nisms. Foundations shall be evaluated as specified
in Chapter 4. Concrete components of foundations
shall conform with Chapter 6. The design of the
steel piles shall comply with the requirements of this
section.

C5.9.1 General

Steel piles of wide flange shape (H-piles) or struc-
tural tubes, with and without concrete infills, shall be
permitted to be used to support foundation loads. Piles
driven in groups should have a pile cap to transfer
loads from the superstructure to the piles.

In poor soils or soils subject to liquefaction, bend-
ing of the piles may be the only dependable resistance
to lateral loads.

144

5.9.2 Stiffness

If the pile cap is below grade, the foundation stiff-
ness from the pile cap bearing against the soil shall be
permitted to be represented by equivalent soil springs
derived as specified in Chapter 4. Additional stiffness
of the piles shall be permitted to be derived through
bending and bearing against the soil. For piles in a
group, the reduction in each pile’s contribution to the
total foundation stiffness and strength shall be made to
account for group effects. Additional requirements for
calculating the stiffness shall be as specified in
Chapter 4.

5.9.3 Strength

Except in sites subject to liquefaction of soils, it
shall be permitted to neglect buckling of portions of
piles embedded in the ground. Flexural demands in
piles shall be calculated either by nonlinear methods
or by elastic methods for which the pile is treated
as a cantilever column above a calculated point of
fixity.

5.9.4 Acceptance Criteria

The acceptance criteria for the axial force and
maximum bending moments for the pile strength shall
be as specified for a steel column in Section 5.4.2.4.2
for linear methods and in Section 5.4.2.4.3 for nonlin-
ear methods, where the lower-bound axial compres-
sion, expected axial tension, and flexural strengths
shall be computed for an unbraced length equal to
zero for those portions of piles that are embedded
in nonliquefiable soils.

Connections between steel piles and pile caps
shall be considered force-controlled.

C5.9.4 Acceptance Criteria

Nonlinear methods require the use of a computer
program. FEMA 274 (FEMA 1997) is a useful refer-
ence for additional information.

5.9.5 Rehabilitation Measures

Steel pile foundations that do not meet the accept-
ance criteria for the selected Rehabilitation Objective
shall be rehabilitated. Rehabilitation measures shall
meet the requirements of Section 5.3.3 and other pro-
visions of this standard.

C5.9.5 Rehabilitation Measures

Rehabilitation of the concrete pile cap is specified
in Chapter 6. Criteria for the rehabilitation of the foun-
dation element are specified in Chapter 4. The following
measure may be effective in rehabilitating steel pile



foundations: driving additional piles near existing groups
and then adding a new pile cap to increase stiffness and
strength of the pile foundation. Monolithic behavior
gained by connecting the new and old pile caps with
epoxied dowels may also be effective. In most cases,

it is not possible to rehabilitate the existing piles.

5.10 CAST AND WROUGHT IRON

5.10.1 General

Existing components of cast and wrought iron
shall be permitted to participate in resisting seismic
forces in combination with concrete or masonry walls.
Cast iron frames, in which beams and columns are
integrally cast, shall not be permitted to resist seismic
forces as primary elements of the lateral-force-
resisting system. The ability of cast iron elements to
resist the design displacements at the selected earth-
quake hazard level shall be evaluated.

5.10.2 Stiffness

The axial and flexural stiffness of cast iron shall
be calculated using elastic section properties and a
modulus of elasticity, E, of 25,000 kips/in.? unless a
different value is obtained by testing or other methods
approved by the authority having jurisdiction.

5.10.3 Strength and Acceptance Criteria

Axial and flexural loads on cast iron components
shall be considered to be force-controlled behaviors.
Lower-bound material properties for cast iron shall be
based on Table 5-1.

The lower-bound strength of a cast iron column
shall be calculated as:

Oc, = Py = AF,

g cr

(Eq. 5-36)
where

A, = gross area of column;
F., = 12ksi for I./r = 108; or
~ 140 X 10°

€/ry

Cast iron columns shall only be permitted to carry
axial compression.

ksi for I./r > 108.

6.0 CONCRETE
6.1 SCOPE

This chapter sets forth requirements for the Systematic
Rehabilitation of concrete components of the lateral-
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force-resisting system of an existing building. The
requirements of this chapter shall apply to existing
concrete components of a building system, rehabili-
tated concrete components of a building system, and
new concrete components that are added to an existing
building system.

Section 6.2 specifies data collection procedures
for obtaining material properties and performing
condition assessments. Section 6.3 specifies general
analysis and design requirements for concrete compo-
nents. Sections 6.4, 6.5, 6.6, 6.7, 6.8, and 6.9 provide
modeling procedures, component strengths, accept-
ance criteria, and rehabilitation measures for concrete
and precast concrete moment frames, braced frames,
and shear walls. Sections 6.10, 6.11, and 6.12 provide
modeling procedures, strengths, acceptance criteria,
and rehabilitation measures for concrete diaphragms
and concrete foundation systems.

C6.1 SCOPE

Techniques for repair of earthquake-damaged con-
crete components are not included in this standard.
The design professional is referred to FEMA 306
(FEMA 1998), FEMA 307 (FEMA 1998), and FEMA
308 (FEMA 1998) for information on evaluation and
repair of damaged concrete wall components.

6.2 MATERIAL PROPERTIES AND CONDITION
ASSESSMENT

6.2.1 General

Mechanical properties of concrete materials and
components shall be obtained from available drawings,
specifications, and other documents for the existing
construction in accordance with the requirements of
Section 2.2. Where such documents fail to provide
adequate information to quantify concrete material
properties or the condition of concrete components of
the structure, such information shall be supplemented
by materials tests and assessments of existing condi-
tions in compliance with requirements of this chapter
as specified in Section 2.2.6.

Material properties of existing concrete compo-
nents shall be determined in accordance with Section
6.2.2. A condition assessment shall be conducted in
accordance with Section 6.2.3. The extent of materials
testing and condition assessment performed shall be
used to determine the knowledge factor as specified in
Section 6.2.4.

145



SEISMIC REHABILITATION OF EXISTING BUILDINGS

Use of default material properties shall be permit-
ted in accordance with Section 6.2.2.5. Use of material
properties based on historical information as default
values shall be permitted as specified in
Section 6.2.2.5.

C6.2.1 General

This section identifies properties requiring consid-
eration and provides guidelines for determining the
properties of buildings. Also described is the need for
a thorough condition assessment and utilization of
knowledge gained in analyzing component and system
behavior. Personnel involved in material property
quantification and condition assessment should be
experienced in the proper implementation of testing
practices and the interpretation of results.

The form, function, concrete strength, concrete
quality, reinforcing steel strength, quality and detail-
ing, forming techniques, and concrete placement tech-
niques have constantly evolved and have had a signifi-
cant impact on the seismic resistance of a concrete
building. Innovations such as prestressed and precast
concrete, post tensioning, and lift slab construction
have created a multivariant inventory of existing con-
crete structures.

It is important to investigate the local practices
relative to seismic design where trying to analyze a
concrete building. Specific benchmark years can be
determined for the implementation of earthquake-
resistant design in most locations, but caution should
be exercised in assuming optimistic characteristics for
any specific building.

Particularly with concrete materials, the date of
original building construction significantly influences
seismic performance. In the absence of deleterious
conditions or materials, concrete gains compressive
strength from the time it is originally cast and in-
place. Strengths typically exceed specified design val-
ues (28-day or similar). Early uses of concrete did not
specify any design strength, and low-strength concrete
was not uncommon. Also, early use of concrete in
buildings often employed reinforcing steel with rela-
tively low strength and ductility, limited continuity,
and reduced bond development. Continuity between
specific existing components and elements (e.g.,
beams and columns, diaphragms, and shear walls) is
also particularly difficult to assess, given the presence
of concrete cover and other barriers to inspection.

Properties of welded wire fabric for various peri-
ods of construction can be obtained from the Wire
Reinforcement Institute.

Documentation of properties and grades of mate-
rial used in component and connection construction is
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invaluable and may be effectively used to reduce the
amount of in-place testing required. The design pro-
fessional is encouraged to research and acquire all
available records from original construction.

6.2.2 Properties of In-Place Materials and
Components

6.2.2.1 Material Properties

6.2.2.1.1 General The following component and con-
nection material properties shall be obtained for the
as-built structure:

Concrete compressive strength; and

Yield and ultimate strength of conventional and
prestressing reinforcing steel and metal connection
hardware.

Where materials testing is required by Sec-
tion 2.2.6, the test methods to quantify material prop-
erties shall comply with the requirements of Sec-
tion 6.2.2.3. The frequency of sampling, including the
minimum number of tests for property determination,
shall comply with the requirements of Section 6.2.2.4.

C6.2.2.1.1 General Other material properties that may
be of interest for concrete components include:

1. Tensile strength and modulus of elasticity of con-
crete, which can be derived from the compressive
strength, do not warrant the damage associated with
the extra coring required,;

2. Ductility, toughness, and fatigue properties of
concrete;

3. Carbon equivalent present in the reinforcing steel;
and

4. Presence of any degradation such as corrosion,
bond with concrete, and chemical composition.

The effort required to determine these properties
depends on the availability of accurate updated con-
struction documents and drawings, the quality and
type of construction (absence of degradation), accessi-
bility, and the condition of materials. The method of
analysis selected [e.g., Linear Static Procedure (LSP),
Nonlinear Static Procedure (NSP)] may also influence
the scope of the testing.

The size of the samples and removal practices to
be followed are referenced in FEMA 274 (FEMA
1997). Generally, mechanical properties for both con-
crete and reinforcing steel can be established from
combined core and specimen sampling at similar loca-
tions, followed by laboratory testing. Core drilling
should minimize damage of the existing reinforcing
steel as much as is practicable.



6.2.2.1.2 Nominal or Specified Properties Nominal
material properties, or properties specified in construc-
tion documents, shall be taken as lower-bound mate-
rial properties. Corresponding expected material prop-
erties shall be calculated by multiplying lower-bound
values by a factor taken from Table 6-4 to translate
from lower-bound to expected values. Alternative
factors shall be permitted where justified by test

data.

6.2.2.2 Component Properties
The following component properties and as-built
conditions shall be established:

1. Cross-sectional dimensions of individual compo-
nents and overall configuration of the structure;

2. Configuration of component connections, size of
anchor bolts, thickness of connector material,
anchorage and interconnection of embedments,
and the presence of bracing or stiffening
components;

3. Modifications to components or overall configura-
tion of the structure;

4. Current physical condition of components and con-
nections, and the extent of any deterioration pres-
ent; and

5. Presence of conditions that influence building per-
formance.

C6.2.2.2 Component Properties

Component properties may be needed to charac-
terize building performance properly in the seismic
analysis. The starting point for assessing component
properties and condition should be retrieval of avail-
able construction documents. Preliminary review of
these documents should be performed to identify pri-
mary gravity- and lateral-force-resisting elements, sys-
tems, and their critical components and connections.
In the absence of a complete set of building drawings,
the design professional must perform a thorough
investigation of the building to identify these ele-
ments, systems and components as indicated in
Section 6.2.3.

6.2.2.3 Test Methods to Quantify Material
Properties

6.2.2.3.1 General Destructive and nondestructive test
methods used to obtain in-place mechanical properties
of materials identified in Section 6.2.2.1, and compo-
nent properties identified in Section 6.2.2.2 shall com-
ply with the requirements of this section. Samples of
concrete and reinforcing and connector steel shall be
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examined for physical condition as specified in
Section 6.2.3.2.

If the determination of material properties is
accomplished through removal and testing of samples
for laboratory analysis, sampling shall take place in
primary gravity- and lateral-force-resisting compo-
nents in regions with the least stress.

Where Section 6.2.2.4.1 does not apply and the
coefficient of variation is greater than 14%, the
expected concrete strength shall not exceed the mean
minus one standard deviation.

6.2.2.3.2 Sampling For testing of concrete material,
the sampling program shall consist of the removal of
standard cores. Core drilling shall be preceded by non-
destructive location of the reinforcing steel, and core
holes shall be located to minimize damage to or
drilling through the reinforcing steel. Core holes shall
be filled with concrete or grout of comparable
strength. If conventional reinforcing and bonded pre-
stressing steel are tested, sampling shall consist of the
removal of local bar segments and installation of
replacement spliced material to maintain continuity of
the rebar for transfer of bar force.

Removal of core samples and performance of lab-
oratory destructive testing shall be permitted as a
method of determining existing concrete strength
properties. Removal of core samples shall employ
the procedures contained in ASTM C42/C42M-03
(ASTM 2003). Testing shall follow the procedures
contained in ASTM C42/C42M-03, ASTM C39/
C39M-01 (ASTM 2001), and ASTM C496-96 (ASTM
1996). Core strength shall be converted to in situ
concrete compressive strength (f,.) by an approved
procedure.

Removal of bar or tendon length samples and per-
formance of laboratory destructive testing shall be per-
mitted as a method of determining existing reinforcing
steel strength properties. The tensile yield strength
and ultimate strength for reinforcing and prestress-
ing steels shall be obtained using the procedures con-
tained in ASTM A370-03 (ASTM 2003). Prestressing
materials also shall meet the supplemental require-
ments in ASTM A416/A416M-02 (ASTM 2002),
ASTM A421/A421M-02 (ASTM 2002), or ASTM
AT722/AT22M-98 (ASTM 2003), depending on mate-
rial type. Properties of connector steels shall be per-
mitted to be determined by wet and dry chemical com-
position tests, and by direct tensile and compressive
strength tests as specified by ASTM A370-03. Where
strengths of embedded connectors are required, in situ
testing shall satisfy the provisions of ASTM E488-96
(ASTM 2003).
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C6.2.2.3 Test Methods to Quantify Material
Properties

ACI 318 (ACI 2002) and FEMA 274 (FEMA
1997) provide further guidance on correlating core
strength to in-place strength and provide references for
various test methods that may be used to estimate
material properties. The chemical composition may
also be determined from the retrieved samples. FEMA
274 provides references for these tests.

Usually, the reinforcing steel system used in the
construction of a specific building is of a common
grade and strength. Occasionally, one grade of rein-
forcement is used for small-diameter bars (e.g., those
used for stirrups and hoops) and another grade for
large-diameter bars (e.g., those used for longitudinal
reinforcement). Furthermore, it is possible that a num-
ber of different concrete design strengths (or “classes”)
have been employed. Historical research and industry
documents also contain insight on material mechanical
properties used in different construction eras.

6.2.2.4 Minimum Number of Tests
Materials testing is not required if material proper-
ties are available from original construction documents
that include material test records or material test reports.
The minimum number of tests necessary to
quantify properties by in-place testing for comprehen-
sive data collection shall be as specified in Sec-
tions 6.2.2.4.1 through 6.2.2.4.4. The minimum
number of tests for usual data collection shall be as
specified in Section 6.2.2.4.5. If the existing gravity-
or lateral-force-resisting system is being replaced
in the rehabilitation process, material testing shall be
required only to quantify properties of existing materi-
als at new connection points.

C6.2.2.4 Minimum Number of Tests

In order to quantify in-place properties accurately,
it is important that a minimum number of tests be con-
ducted on primary components of the lateral-force-
resisting system. The minimum number of tests is dic-
tated by the data available from original construction,
the type of structural system employed, the desired
accuracy, and the quality and condition of in-place
materials. The accessibility of the structural system
may also influence the testing program scope. The
focus of this testing shall be on primary lateral-force-
resisting components and on specific properties
needed for analysis. The test quantities provided in
this section are minimum numbers; the design profes-
sional should determine whether further testing is
needed to evaluate as-built conditions.

Testing generally is not required on components
other than those of the lateral-force-resisting system.
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The design professional (and subcontracted test-
ing agency) should carefully examine test results to
verify that suitable sampling and testing procedures
were followed and that appropriate values for the
analysis were selected from the data.

6.2.2.4.1 Comprehensive Testing Unless specified oth-
erwise, a minimum of three tests shall be conducted to
determine any property. If the coefficient of variation
exceeds 14%, additional tests shall be performed until
the coefficient of variation is equal to or less than
14%.

6.2.2.4.2 Concrete Materials For each concrete ele-
ment type (such as a shear wall), a minimum of three
core samples shall be taken and subjected to compres-
sion tests. A minimum of six total tests shall be per-
formed on a building for concrete strength determina-
tion, subject to the limitations of this section. If vary-
ing concrete classes/grades were employed in the con-
struction of the building, a minimum of three samples
and tests shall be performed for each class. The modu-
lus of elasticity shall be permitted to be estimated
from the data of strength testing. Samples shall be
taken from randomly selected components critical to
structural behavior of the building. Tests also shall be
performed on samples from components that are dam-
aged or degraded, if such damage or degradation is
identified, to quantify their condition. Test results shall
be compared with strength values specified in the con-
struction documents. If test values less than the speci-
fied strength in the construction documents are found,
further strength testing shall be performed to deter-
mine the cause or identify the extent of the condition.

The minimum number of tests to determine com-
pressive and tensile strength shall conform to the fol-
lowing criteria:

For concrete elements for which the specified
design strength is known and test results are not avail-
able, a minimum of three cores/tests shall be con-
ducted for each floor level, 400 yd? of concrete, or
10,000 sf of surface area, whichever requires the most
frequent testing; and

For concrete elements for which the design
strength is unknown and test results are not available,
a minimum of six cores/tests shall be conducted for
each floor level, 400 yd? of concrete, or 10,000 sf of
surface area, whichever requires the most frequent
testing. Where the results indicate that different classes
of concrete were employed, the degree of testing shall
be increased to confirm class use.

Quantification of concrete strength via ultrasonics
or other nondestructive test methods shall not be sub-
stituted for core sampling and laboratory testing.



C6.2.2.4.2 Concrete Materials Ultrasonics and nonde-
structive test methods should not be substituted for
core sampling and laboratory testing since they do not
yield accurate strength values directly.

6.2.2.4.3 Conventional Reinforcing and Connector
Steels The minimum number of tests required to deter-
mine reinforcing and connector steel strength proper-
ties shall be as follows. Connector steel shall be
defined as additional structural steel or miscellaneous
metal used to secure precast and other concrete shapes
to the building structure. Tests shall determine both
yield and ultimate strengths of reinforcing and connec-
tor steel. A minimum of three tensile tests shall be
conducted on conventional reinforcing steel samples
from a building for strength determination, subject to
the following supplemental conditions:

1. If original construction documents defining proper-
ties exist, at least three strength coupons shall be
randomly removed from each element or compo-
nent type and tested; and

2. If original construction documents defining proper-
ties do not exist but the approximate date of con-
struction is known and a common material grade is
confirmed, at least three strength coupons shall be
randomly removed from each element or component
type for every three floors of the building. If the date
of construction is unknown, at least six such samples/
tests, for every three floors, shall be performed.

All sampled steel shall be replaced with new fully
spliced and connected material unless an analysis con-
firms that replacement of original components is not
required.

6.2.2.4.4 Prestressing Steels The sampling of pre-
stressing steel tendons for laboratory testing shall be
required only for those prestressed components that
are a part of the lateral-force-resisting system.
Prestressed components in diaphragms shall be permit-
ted to be excluded from testing.

Tendon or prestress removal shall be avoided if
possible by sampling of either the tendon grip or the
extension beyond the anchorage.

All sampled prestressed steel shall be replaced
with new fully connected and stressed material and
anchorage hardware unless an analysis confirms that
replacement of original components is not required.

6.2.2.4.5 Usual Testing The minimum number of tests
to determine concrete and reinforcing steel material
properties for usual data collection shall be based on
the following criteria:

1. If the specified design strength of the concrete is
known, at least one core shall be taken from sam-
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ples of each different concrete strength used in the
construction of the building, with a minimum of
three cores taken for the entire building;

2. If the specified design strength of the concrete is
not known, at least one core shall be taken from
each type of component, with a minimum of six
cores taken for the entire building;

3. If the specified design strength of the reinforcing
steel is known, use of nominal or specified material
properties shall be permitted without additional
testing; and

4. If the specified design strength of the reinforcing
steel is not known, at least two strength coupons of
reinforcing steel shall be removed from the build-
ing for testing.

C6.2.2.4.5 Usual Testing For other material properties,
such as hardness and ductility, no minimum number of
tests is prescribed. Similarly, standard test procedures
may not exist. The design professional should examine
the particular need for this type of testing and establish
an adequate protocol.

6.2.2.5 Default Properties

Use of default material properties to determine
component strengths shall be permitted in conjunction
with the linear analysis procedures of Chapter 3.

Default lower-bound concrete compressive
strengths shall be taken from Table 6-3. Default
expected concrete compressive strengths shall be
determined by multiplying lower-bound values by an
appropriate factor selected from Table 6-4 unless
another factor is justified by test data. The appropriate
default compressive strength—Ilower-bound or
expected strength, as specified in Section 2.4.4—shall
be used to establish other strength and performance
characteristics for the concrete as needed in the struc-
tural analysis.

Default lower-bound values for reinforcing steel
shall be taken from Table 6-1 or 6-2.

Default expected strength values for reinforcing
steel shall be determined by multiplying lower-bound
values by an appropriate factor selected from Table 6-4
unless another factor is justified by test data. Where
default values are assumed for existing reinforcing
steel, welding or mechanical coupling of new re-
inforcement to the existing reinforcing steel shall
not be used.

The default lower-bound yield strength for steel
connector material shall be taken as 27,000 psi. The
default expected yield strength for steel connector
material shall be determined by multiplying lower-
bound values by an appropriate factor selected from
Table 6-4 unless another value is justified by test
data.
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Table 6-1. Default Lower-Bound Tensile and Yield Properties of Reinforcing for Various Periods!

Structural>  Intermediate® Hard?
Grade 33 40 50 60 65 70 75
Minimum Yield? (psi) 33,000 40,000 50,000 60,000 65,000 70,000 75,000
Year Minimum Tensile? (psi) 55,000 70,000 80,000 90,000 75,000 80,000 100,000
1911-1959 X X X — X — —
1959-1966 X X X X X X X
1966-1972 — X X X X X —
1972-1974 — X X X X X —
1974-1987 — X X X X X —
1987—Present — X X X X X X
'An entry of “x” indicates the grade was available in those years.
’The terms Structural, Intermediate, and Hard became obsolete in 1968.
Table 6-2. Default Lower-Bound Tensile and Yield Properties of Reinforcing for
Various ASTM Specifications and Periods!
Structural® Intermediate? Hard?
ASTM
Grade 33 40 50 60 65 70 75
Minimum
Yield
(psi) 33,000 40,000 50,000 60,000 65,000 70,000 75,000
Minimum
ASTM Steel Year Tensile
Designation® Type Range (psi) 55,000 70,000 80,000 90,000 75,000 80,000 100,000
AlS Billet 1911-1966 X X X — — — —
Al6 Rail* 1913-1966 — — X — — — —
A61 Rail* 1963-1966 — — — X — — —
A160 Axle 1936-1964 X X X — — — —
A160 Axle 1965-1966 X X X X — — —
Al85 WWF 1936—Present — — — — X — —
A408 Billet 1957-1966 X X X — — — —
A431 Billet 1959-1966 — — — — — — X
A432 Billet 1959-1966 — — — X — — —
A497 WWF 1964 —Present — — — — — X —
A615 Billet 1968-1972 — X — X — — X
A615 Billet 1974-1986 — X — X — — —
A615 Billet 1987—Present — X — X — — X
A616° Rail* 1968 —Present — — — — —
A617 Axle 1968 — Present — X — X — — —
A706 Low- 1974 —Present — — — X — X —
Alloy
A955 Stainless 1996 —Present — X — X — — X

'An entry of “x” indicates the grade was available in those years.

2The terms Structural, Intermediate, and Hard became obsolete in 1968.

SASTM steel is marked with the letter W.”

“Rail bars are marked with the letter “R.”

SBars marked “s!” (ASTM 616) have supplementary requirements for bend tests.

SASTM A706 has a minimum tensile strength of 80 ksi, but not less than 1.25 times the actual yield strength.
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Table 6-3. Default Lower-Bound Compressive Strength of Structural Concrete (psi)

Time Frame Footings Beams

1900-1919 1,000-2,500 2,000-3,000
1920-1949 1,500-3,000 2,000-3,000
1950-1969 2,500-3,000 3,000—4,000
1970—Present 3,000—4,000 3,000-5,000

Slabs Columns Walls
1,500-3,000 1,500-3,000 1,000-2,500
2,000-3,000 2,000-4,000 2,000-3,000
3,000-4,000 3,000-6,000 2,500-4,000
3,000-5,000 3,000-1,0000 3,000-5,000

Table 6-4. Factors to Translate Lower-Bound
Material Properties to Expected Strength
Material Properties

Material Property Factor
Concrete Compressive Strength 1.50
Reinforcing Steel Tensile and Yield Strength 1.25
Connector Steel Yield Strength 1.50

Default values for prestressing steel in prestressed
concrete construction shall not be used.

C6.2.2.5 Default Properties

Default values provided in this standard are
generally conservative. While the strength of reinforc-
ing steel may be fairly consistent throughout a build-
ing, the strength of concrete in a building could be
highly variable, given variability in concrete mix
designs and sensitivity to water/cement ratio and cur-
ing practices. It is recommended to conservatively
assume the minimum value of the concrete compres-
sive strength in the given range unless a higher
strength is substantiated by construction documents,
test reports, or material testing; it would be conserva-
tive to assume the maximum value in a given range
where determining the force-controlled actions on
other components.

Until about 1920, a variety of proprietary rein-
forcing steels was used. Yield strengths are likely to be
in the range of 33,000 to 55,000 psi, but higher values
are possible and actual yield and tensile strengths may
exceed minimum values. Once commonly used to des-
ignate reinforcing steel grade, the terms structural,
intermediate, and hard became obsolete in 1968. Plain
and twisted square bars were sometimes used between
1900 and 1949.

Factors to convert default reinforcing steel
strength to expected strength include consideration of
material overstrength and strain-hardening.

6.2.3 Condition Assessment

6.2.3.1 General

A condition assessment of the existing building
and site conditions shall be performed as specified in
this section.

The condition assessment shall include the following:

1. The physical condition of primary and secondary
components shall be examined and the presence of
any degradation shall be noted;

2. The presence and configuration of components and
their connections, and the continuity of load paths
between components, elements, and systems shall
be verified or established;

3. Other conditions, including neighboring party walls
and buildings, presence of nonstructural compo-
nents, prior remodeling, and limitations for rehabil-
itation that may influence building performance
shall be reviewed and documented;

4. Information needed to select a knowledge factor in
accordance with Section 6.2.4 shall be obtained; and

5. Component orientation, plumbness, and physical
dimensions shall be confirmed.

6.2.3.2 Scope and Procedures

The scope of the condition assessment shall
include all accessible structural components involved
in lateral load resistance.

C6.2.3.2 Scope and Procedures

The degree to which the condition assessment is
performed will affect the knowledge factor (k) as
specified in Section 6.2.4.

6.2.3.2.1 Visual Condition Assessment Direct visual
inspection of accessible and representative primary
components and connections shall be performed to
identify any configurational issues, determine whether
degradation is present, establish continuity of load
paths, establish the need for other test methods to
quantify the presence and degree of degradation, and
measure dimensions of existing construction to com-
pare with available design information and reveal any
permanent deformations.
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Visual inspection of the building shall include vis-
ible portions of foundations, lateral-force-resisting
members, diaphragms (slabs), and connections. As a
minimum, a representative sampling of at least 20% of
the components and connections shall be visually
inspected at each floor level. If significant damage or
degradation is found, the assessment sample of all crit-
ical components of similar type in the building shall
be increased to 40%.

If coverings or other obstructions exist, partial
visual inspection through the obstruction, using drilled
holes and a fiberscope, shall be permitted.

6.2.3.2.2 Comprehensive Co\ndition Assessment Expo-
sure is defined as local minimized removal of cover
concrete and other materials to allow inspection of
reinforcing system details. All damaged concrete cover
shall be replaced after inspection. The following crite-
ria shall be used for assessing primary connections in
the building for comprehensive data collection:

1. If detailed design drawings exist, exposure of at
least three different primary connections shall
occur, with the connection sample including differ-
ent types of connections. If no deviations from the
drawings exist, it shall be permitted to consider the
sample as being representative of installed condi-
tions. If deviations are noted, then at least 25% of
the specific connection type shall be inspected to
identify the extent of deviation; and

2. In the absence of detailed design drawings, at least
three connections of each primary connection type
shall be exposed for inspection. If common detail-
ing among the three connections is observed, it
shall be permitted to consider this condition as rep-
resentative of installed conditions. If variations are
observed among like connections, additional con-
nections shall be inspected until an accurate under-
standing of building construction is gained.

6.2.3.2.3 Additional Testing If additional destructive
and nondestructive testing are required to determine
the degree of damage or presence of deterioration or to
understand the internal condition and quality of con-
crete, approved test methods shall be used.

C6.2.3.2.3 Additional Testing The physical condition
of components and connectors will affect their per-
formance. The need to accurately identify the physical
condition may also dictate the need for certain addi-
tional destructive and nondestructive test methods.
Such methods may be used to determine the degree of
damage or presence of deterioration, and to improve
understanding of the internal condition and quality of

152

the concrete. Further guidelines and procedures for
destructive and nondestructive tests that may be used
in the condition assessment are provided in FEMA
274 (FEMA 1997) and FEMA 306 (FEMA 1998). The
following paragraphs identify those nondestructive
examination (NDE) methods having the greatest use
and applicability to condition assessment.

* Surface NDE methods include infrared thermogra-
phy, delamination sounding, surface hardness meas-
urement, and crack mapping. These methods may be
used to find surface degradation in components such
as service-induced cracks, corrosion, and construc-
tion defects.

e Volumetric NDE methods, including radiography
and ultrasonics, may be used to identify the presence
of internal discontinuities, as well as to identify loss
of section. Impact-echo ultrasonics is particularly
useful because of ease of implementation and
proven capability in concrete.

e Structural condition and performance may be
assessed through on-line monitoring using acoustic
emissions and strain gauges, and in-place static or
dynamic load tests. Monitoring is used to determine
if active degradation or deformations are occurring,
while nondestructive load testing provides direct
insight on load-carrying capacity.

e Locating, sizing, and initial assessment of the rein-
forcing steel may be completed using electromag-
netic methods (such as a pachometer) or radiogra-
phy. Further assessment of suspected corrosion
activity should use electrical half-cell potential and
resistivity measurements.

e Where it is absolutely essential, the level of prestress
remaining in an unbonded prestressed system may
be measured using lift-off testing (assuming original
design and installation data are available), or another
nondestructive method such as “coring stress relief”
specified in ASCE 11 (ASCE 1999).

6.2.3.3 Basis for the Mathematical Building Model

The results of the condition assessment shall be
used to quantify the following items needed to create
the mathematical building model:

1. Component section properties and dimensions;

2. Component configuration and the presence of any
eccentricities or permanent deformation;

3. Connection configuration and the presence of any
eccentricities;

4. Presence and effect of alterations to the structural
system since original construction; and

5. Interaction of nonstructural components and their
involvement in lateral load resistance.



All deviations between available construction
records and as-built conditions obtained from visual
inspection shall be accounted for in the structural
analysis.

Unless concrete cracking, reinforcing corrosion,
or other mechanisms are observed in the condition
assessment to be causing damage or reduced capacity,
the cross-sectional area and other sectional properties
shall be taken as those from the design drawings. If
some sectional material loss has occurred, the loss
shall be quantified by direct measurement and sec-
tional properties shall be reduced accordingly, using
principles of structural mechanics.

6.2.4 Knowledge Factor

A knowledge factor, k, for computation of
concrete component capacities and permissible
deformations shall be selected in accordance with
Section 2.2.6.4, with the following additional require-
ments specific to concrete components.

A knowledge factor, k, equal to 0.75 shall be used
if any of the following criteria are met:

1. Components are found damaged or deteriorated
during assessment, and further testing is not per-
formed to quantify their condition or justify the use
of k = 1.0;

2. Component mechanical properties have a coeffi-
cient of variation exceeding 25%; and

3. Components contain archaic or proprietary material
and the condition is uncertain.

6.3 GENERAL ASSUMPTIONS AND
REQUIREMENTS

6.3.1 Modeling and Design

6.3.1.1 General Approach

Seismic rehabilitation of concrete structural com-
ponents of existing buildings shall comply with the
requirements of ACI 318 (ACI 2002), except as other-
wise indicated in this standard. Seismic evaluation
shall identify brittle or low-ductility failure modes of
force-controlled actions as defined in Section 2.4.4.

Evaluation of demands and capacities of rein-
forced concrete components shall include considera-
tion of locations along the length where lateral and
gravity loads produce maximum effects, where
changes in cross section or reinforcement result in
reduced strength, and where abrupt changes in cross
section or reinforcement, including splices, may pro-
duce stress concentrations, resulting in premature
failure.
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C6.3.1.1 General Approach

Brittle or low-ductility failure modes typically
include behavior in direct or nearly-direct compres-
sion, shear in slender components and in component
connections, torsion in slender components, and rein-
forcement development, splicing, and anchorage. It is
recommended that the stresses, forces, and moments
acting to cause these failure modes be determined
from a limit-state analysis considering probable resis-
tances at locations of nonlinear action.

6.3.1.2 Stiffness

Component stiffnesses shall be calculated consid-
ering shear, flexure, axial behavior, and reinforcement
slip deformations. Consideration shall be given to the
state of stress on the component due to volumetric
changes from temperature and shrinkage, and to defor-
mation levels to which the component will be sub-
jected under gravity and earthquake loading.

C6.3.1.2 Stiffness

For columns with low axial loads, deformations
due to bar slip can account for as much as 50% of the
total deformations at yield. The design professional is
referred to Elwood and Eberhard (2006) for further
guidance regarding calculation of effective stiffness of
reinforced concrete columns to include the effects of
flexure, shear, and bar slip.

6.3.1.2.1 Linear Procedures Where design actions are
determined using the linear procedures of Chapter 3,
component effective stiffnesses shall correspond to the
secant value to the yield point of the component. The
use of higher stiffnesses shall be permitted where it is
demonstrated by analysis to be appropriate for the
design loading. Alternatively, the use of effective stiff-
ness values in Table 6-5 shall be permitted.

6.3.1.2.2 Nonlinear Procedures Where design actions
are determined using the nonlinear procedures of
Chapter 3, component load—deformation response
shall be represented by nonlinear load—deformation
relations. Linear relations shall be permitted where
nonlinear response will not occur in the component.
The nonlinear load—deformation relation shall be
based on experimental evidence or taken from quanti-
ties specified in Sections 6.4 through 6.12. For the
Nonlinear Static Procedure (NSP), use of the general-
ized load—deformation relation shown in Fig. 6-1

or other curves defining behavior under monotoni-
cally increasing deformation shall be permitted. For
the Nonlinear Dynamic Procedure (NDP), load—
deformation relations shall define behavior under
monotonically increasing lateral deformation and
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Table 6-5. Effective Stiffness Values!

Component Flexural Rigidity Shear Rigidity Axial Rigidity
Beams— Non-prestressed 0.5E1, 04EA, —
Beams—Prestressed El, 04EA, —
Columns with Compression Due to Design Gravity Loads = 0.5A4, f", 0.7E 1, 04EA, EA,
Columns with Compression Due to Design Gravity 0.5E, 04EA, EA,
Loads = 0.3A, f", or with Tension

Walls— Uncracked (on inspection) 0.8E 1, 04EA, EA,
Walls— Cracked 0.5E1, 04EA, EA,

Flat Slabs— Non-prestressed See Section 6.5.4.2 0.4EA, —

Flat Slabs—Prestressed See Section 6.5.4.2 04EA, —

't shall be permitted to take /, for T-beams as twice the value of /, of the web alone. Otherwise, I, shall be based on the effective width as defined
in Section 6.3.1.3. For columns with axial compression falling between the limits provided, linear interpolation shall be permitted. Alternatively,

the more conservative effective stiffnesses shall be used.
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FIGURE 6-1. Generalized Force-Deformation Relations for Concrete Elements or Components.

under multiple reversed deformation cycles as speci-
fied in Section 6.3.2.1.

The generalized load—deformation relation shown
in Fig. 6-1 shall be described by linear response from
A (unloaded component) to an effective yield B, then a
linear response at reduced stiffness from point B to C,
then sudden reduction in lateral load resistance to
point D, then response at reduced resistance to E, and
final loss of resistance thereafter. The slope from
point A to B shall be determined according to Sec-
tion 6.3.1.2.1. The slope from point B to C, ignoring
effects of gravity loads acting through lateral displace-
ments, shall be taken between zero and 10% of the ini-
tial slope unless an alternate slope is justified by
experiment or analysis. Point C shall have an ordinate
equal to the strength of the component and an abscissa
equal to the deformation at which significant strength
degradation begins. Representation of the load—
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deformation relation by points A, B, and C only (rather
than all points A-F) shall be permitted if the calcu-
lated response does not exceed point C. Numerical
values for the points identified in Fig. 6-1 shall be as
specified in Sections 6.4 through 6.12. Other
load—deformation relations shall be permitted if justi-
fied by experimental evidence or analysis.

C6.3.1.2.2 Nonlinear Procedures Typically, the
responses shown in Fig. 6-1 are associated with flex-
ural response or tension response. In this case, the
resistance at Q/Q, = 1.0 is the yield value, and subse-
quent strain-hardening accommodates strain hardening
in the load—deformation relation as the member is
deformed toward the expected strength. Where the
response shown in Fig. 6-1 is associated with com-
pression, the resistance at Q/Q, = 1.0 typically is

the value at which concrete begins to spall, and



strain-hardening in well-confined sections may be
associated with strain-hardening of the longitudinal
reinforcement and the confined concrete. Where the
response shown in Fig. 6-1 is associated with shear,
the resistance at Q/Q, = 1.0 typically is the value at
which the design shear strength is reached, and no
strain-hardening follows.

The deformations used for the load—deformation
relation of Fig. 6-1 shall be defined in one of two
ways, as follows:

1. Deformation, or Type I. In this curve, deforma-
tions are expressed directly using terms such as
strain, curvature, rotation, or elongation. The
parameters a and b shall refer to those portions of
the deformation that occur after yield; that is, the
plastic deformation. The parameter c is the reduced
resistance after the sudden reduction from C to D.
Parameters a, b, and ¢ are defined numerically in
various tables in this chapter. Alternatively, it shall
be permitted to determine the parameters a, b, and
c directly by analytical procedures justified by
experimental evidence.

2. Deformation Ratio, or Type II. In this curve,
deformations are expressed in terms such as shear
angle and tangential drift ratio. The parameters d
and e refer to total deformations measured from the
origin. Parameters c, d, and e are defined numeri-
cally in various tables in this chapter. Alternatively,
it shall be permitted to determine the parameters c,
d, and e directly by analytical procedures justified
by experimental evidence.

Provisions for determining alternative modeling
parameters and acceptance criteria based on experi-
mental evidence are given in Section 2.8.

6.3.1.3 Flanged Construction

In beams consisting of a web and flange that act
integrally, the combined stiffness and strength for flex-
ural and axial loading shall be calculated considering
a width of effective flange on each side of the web
equal to the smaller of: (1) the provided flange width;
(2) eight times the flange thickness; (3) half the dis-
tance to the next web; or (4) one-fifth of the span for
beams. Where the flange is in compression, both the
concrete and reinforcement within the effective width
shall be considered effective in resisting flexure and
axial load. Where the flange is in tension, longitudinal
reinforcement within the effective width and what is
developed beyond the critical section shall be consid-
ered fully effective for resisting flexural and axial
loads. The portion of the flange extending beyond the
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width of the web shall be assumed ineffective in resist-
ing shear.

In walls, effective flange width shall be in accor-
dance with Chapter 21 of ACI 318 (ACI 2002).

6.3.2 Strength and Deformability

6.3.2.1 General

Actions in a structure shall be classified as being
either deformation-controlled or force-controlled,
as defined in Section 2.4.4. Design strengths for
deformation-controlled and force-controlled actions
shall be calculated in accordance with Sections 6.3.2.2
and 6.3.2.3, respectively.

Components shall be classified as having low,
moderate, or high ductility demands according to
Section 6.3.2.4.

Where strength and deformation capacities are
derived from test data, the tests shall be representative
of proportions, details, and stress levels for the compo-
nent and comply with requirements specified in
Section 2.8.1.

The strength and deformation capacities of con-
crete members shall correspond to values resulting
from earthquake loadings involving three fully
reversed cycles to the design deformation level unless
a larger or smaller number of deformation cycles is
determined considering earthquake duration and the
dynamic properties of the structure.

C6.3.2.1 General

Strengths and deformation capacities given in this
chapter are for earthquake loadings involving three
fully reversed deformation cycles to the design defor-
mation levels, in addition to similar cycles to lesser
deformation levels. In some cases—including some
short-period buildings and buildings subjected to a
long-duration design earthquake—a building may be
expected to be subjected to additional cycles to the
design deformation levels. The increased number of
cycles may lead to reductions in resistance and defor-
mation capacity. The effects on strength and deforma-
tion capacity of additional deformation cycles should
be considered in design. Large earthquakes will cause
additional cycles.

6.3.2.2 Deformation-Controlled Actions

Strengths used for deformation-controlled actions
shall be taken as equal to expected strengths, O,
obtained experimentally, or calculated using accepted
principles of mechanics. Expected strength is defined
as the mean maximum resistance expected over the
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range of deformations to which the concrete compo-
nent is likely to be subjected. Where calculations are
used to define expected strength, expected material
properties shall be used. Unless other procedures are
specified in this standard, procedures specified in

ACI 318 (ACI 2002) to calculate design strengths shall
be permitted except that the strength reduction factor,
¢ , shall be taken equal to unity. Deformation capaci-
ties for acceptance of deformation-controlled actions
calculated by nonlinear procedures shall be as speci-
fied in Sections 6.4 to Section 6.12. For components
constructed of lightweight concrete, O, shall be mod-
ified in accordance with ACI 318 procedures for light-
weight concrete.

C6.3.2.2 Deformation-Controlled Actions
Expected yield strength of reinforcing steel, as

specified in this standard, includes consideration of

material overstrength and strain-hardening.

6.3.2.3 Force-Controlled Actions

Strengths used for force-controlled actions shall
be taken as lower-bound strengths, Q,, obtained
experimentally, or calculated using established princi-
ples of mechanics. Lower-bound strength is defined as
the mean minus one standard deviation of resistance
expected over the range of deformations and loading
cycles to which the concrete component is likely to be
subjected. Where calculations are used to define
lower-bound strengths, lower-bound estimates of mate-
rial properties shall be used. Unless other procedures
are specified in this standard, procedures specified in
ACI 318 (ACI 2002) to calculate design strengths shall
be permitted, except that the strength reduction factor,
¢, shall be taken equal to unity. For components con-
structed of lightweight concrete, O, shall be modified
in accordance with ACI 318 procedures for 