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FOREWORD

The Federal Emergency Management Agency (FEMA) has committed under the National Earthquake
Hazard Reduction Program (NEHRP) to support implementation of new knowledge and research results
for improving seismic design and building practices in the nation. One of the effective ways to fulfill this
commitment is the ongoing update of a key resource document — the NEHRP Recommended Provisions for
New Buildings and Other Structures - with the Building Seismic Safety Council (BSSC) of National
Institute of Building Sciences (NIBS). The 2015 NEHRP Provisions marks the ninth edition of this
technical resource document since its first publication in 1985. FEMA is proud to sponsor this cycle of the
NEHRP Provisions update, and to publish the new edition for use by national codes and standards
organizations and the general public.

The 2015 NEHRP Provisions are a new knowledge-based resource document intended to translate research
results into engineering design practice. Similar to the previous edition, the new Provisions have adopted
by reference the American Structural Engineers Association (ASCE) / Structural Engineering Institute
(SEI) standard ASCE/SEI 7-10: Minimum Design Loads for New Buildings and Other Structures as the
baseline. Following an updated chapter describing the Provisions’ intent, Part | of the Provisions includes
recommended new changes and modifications to the adopted ASCE/SEI 7-10. Part Il provides a full
commentary for Part I, consisting of new commentaries integrated with the ASCE/SEI 7-10 commentary.
Part Il contains resource papers covering new concepts and methods for trial use and other supporting
materials for design professionals. The new changes in the 2015 NEHRP Provisions have incorporated
extensive results and findings from recent research projects, problem-focused studies, and post-earthquake
investigation reports conducted by various professional organizations, research institutes, universities,
material industries and the NEHRP agencies.

The 2015 cycle of the NEHRP Provisions update started in 2010. Over the past five years, the twenty one
members of the Provisions Update Committee (PUC), over eighty members of the eleven issue teams and
study groups devoted tremendous amount of volunteer time into the development process. Their efforts
have not only produced the valuable and widely recognized new NEHRP Provisions, but also made a
significant impact to the next edition of the national standards and codes. All the recommended new changes
in Part | of the 2015 Provisions have been further developed and adopted into the upcoming ASCE/SEI 7-
16, which is expected to be adopted by reference in the 2018 edition of the International Building Code
(IBC).

FEMA wishes to express its deepest gratitude to the large number of volunteer experts, the BSSC member
organizations, the BSSC Board of Direction and staff who made the 2015 NEHRP Provisions document
possible. Americans unfortunate enough to experience the earthquakes that will inevitably occur in this
country in the future will owe much, perhaps even their very lives, to the contributions and dedication of
these individuals to the seismic safety of buildings. Without the dedication and hard work of these men and
women, this document and all it represents with respect to earthquake risk mitigation would not have been
possible.

Federal Emergency Management Agency
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PREFACE and
ACKNOWLEDGEMENTS

Since its creation in 1979, the National Earthquake Hazard Reduction Program (NEHRP) has provided a
framework for efforts to reduce the risk from earthquakes. The Building Seismic Safety Council (BSSC)
is extremely proud to have been selected by the Federal Emergency Management Agency (FEMA) once
again to play a role under NEHRP in improving the seismic resistance of the built environment. The BSSC
is especially pleased to mark the delivery to FEMA of the consensus-approved 2015 NEHRP Recommended
Seismic Provisions for New Buildings and Other Structures. This landmark publication is ninth in a series
of editions delivered in 1985, 1988, 1991, 1994, 1997, 2000, 2003 and 2009. The Provisions has
evolved over the past three decades into a widely available, trusted, state-of-the-art seismic design resource
document with requirements that have been adapted for use in the nation’s model building codes and
standards.

Work on the 2015 Provisions began in October 2009 when the National Institute of Building Sciences, the
BSSC’s parent organization, entered into a contract with FEMA for initiation of the 2015 Provisions update
effort. Based on input from the BSSC Member Organizations, the 15-member BSSC Board of Direction,
the Chair of the 2009 Provisions Update Committee, and FEMA, 21 subject matter experts were selected
to serve on the 2015 Provisions Update Committee (PUC). The PUC identified Issue Teams for developing
proposals for the 2015 Provisions. Between March 2011 and February 2015 the Issue Teams developed
proposals that were reviewed by the PUC in seven ballots, and subsequently 47 proposals were reviewed
by the Membership Organization representatives in four ballots. Proposals from these four ballots were
approved by the BSSC Board of Direction for incorporation into the 2015 Provisions. It is the collective
efforts and expertise of the national experts serving on these groups that is reflected in the 2015 Provisions.

In recognition of the fact that the codes and standards arena now operates differently than it did during
previous editions of the Provisions, the format of the 2015 Provisions has completed a transition to a
knowledge base for new technologies and procedures. Following an approach started with the 2009
Provisions, the national consensus design loads standard ASCE/SEI 7-10, Minimum Design Loads for
Buildings and Other Structures, Chapters 11-23, including Supplement No. 1 and the Expanded
Commentary, has been adopted as the primary reference standard of the Provisions. Areas of the standard
in need of modification that passed BSSC's review and approval process appear in Part 1 of this document
and, together with ASCE/SEI 7-10 and the references cited therein, constitute the 2015 Provisions.
Representing a significant change, the recommended modifications affect half of the sections in ASCE/SEI
7-10, including replacing four entire chapters. All of the proposals for modification have been submitted
to the ASCE ballot process for potential inclusion in ASCE/SEI 7-16.

A major effort was previously made to rewrite the commentary to the 2009 Provisions. This Commentary
was subsequently adopted in ASCE/SEI 7-10. In the 2015 Provisions this commentary has been reproduced
in Part 2 with recommended revisions, replacements and additions to explain the development and
application of both the existing requirements and recommended modifications in Part 1.

Part 3 of this volume is a collection of resource papers. Included are substantive proposals on topics that
require further consideration by the seismic design community before they become Provisions requirements
in Part 1 as well as papers that clarify some aspects of the Provisions requirements in Part 2.

As in the past, the 2015 Provisions would not have been possible without the expertise, dedication, and
countless hours of effort of the more than 100 dedicated volunteers who participated in the update process.
The American people benefit immeasurably from their commitment to improving the seismic-resistance of
the nation’s buildings and affording protection of lives.



As Chair of the BSSC Board of Direction, it is my pleasure to express heartfelt appreciation for the efforts
of the BSSC Provisions Update Committee, the Issue Teams, the representatives of the BSSC member
organizations, the U.S. Geological Survey and National Institute of Standards and Technology and FEMA
representatives, and the National Institute of Building Sciences staff. A list of all those who participated in
the 2015 Provisions update project is included as the Appendix of this volume, but a number of individuals
deserve special recognition for their efforts:

David Bonneville, Chair of the PUC

Curt Haselton for rewriting the chapter on seismic response history procedures

Satyendra K. Ghosh and Kelly Cobeen for a new diaphragm design force procedure

Robert Pekelnicky for rewriting the chapter on soil structure interaction for seismic design
Martin Johnson for updated requirements for strength design for foundations

Ronald Mayes for rewriting the chapters on seismic design requirements for isolated structures
and structures with damping systems

John Hooper, Curt Haselton and William Holmes for a new chapter of alternative seismic design
requirements for seismic design category B buildings

James Harris for rewriting the intent of the NEHRP Provision

Ronald Hamburger for adoption of qualification methodologies for new seismic-force-resisting
systems and substitute components

Robert Bachman for requirements for structural foundations on liquefiable sites

Nicolas Luco, Charles (C.B.) Crouse and Charles Kircher for updates to design ground motion
maps, site soil factors, and related site-specific procedure requirements

James Malley and Finley Charney for updates to the modal response analysis procedure
Dominic Kelly for an alternative design procedure for rigid-wall and flexible-diaphragm
buildings

Finally, I wish to thank the members of the BSSC Board of Direction, who recognize the importance of this
effort and provided sage advice throughout the update, and FEMA Project Officer Mai Tong, FEMA
Subject Matter Expert and Technical Advisor Robert Hanson, and BSSC Executive Director Philip
Schneider for the project oversight and management.

We are all proud of the 2015 NEHRP Recommended Seismic Provisions and it is my pleasure to introduce

them.

Jimmy W. Sealy, FAIA
Chair, BSSC Board of Direction

Vi
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INTRODUCTION

The 2015 edition of the NEHRP Recommended Seismic Provisions for New Buildings and Other Structures
is a new knowledge-based resource of technologies and procedures for improving seismic design and
building practices in the nation. Starting with the 2009 edition, the Provisions began to focus on serving as
a resource document aimed at translating research into practice. In this process, the earlier practice of
containing a full set of seismic design requirements was eliminated. This approach is continued with the
2015 Provisions. The new changes in the 2015 NEHRP Provisions are based-on extensive results and
findings from research projects, problem-focused studies, and post-earthquake investigation reports
conducted by various professional organizations, research institutes, universities, material industries and
NEHRP agencies.

Consistent with the approach used in the 2009 edition, the national standard ASCE/SEI 7-10, Minimum
Design Loads for Buildings and Other Structures, Chapters 11-23, including Supplement No. 1 and the
Expanded Commentary, has been adopted by reference for the Provisions. Modifications and additions to
the Standard that passed BSSC's evaluation and consensus approval process appear in Part 1 of the
Provisions. These recommended changes are intended for consideration and adoption in the next edition
of ASCE/SEI 7. Each proposed Part 1 change is accompanied by a corresponding change to the ASCE 7-
10 Commentary, which is contained in Part 2 of the Provisions. Parts 1 and 2 together with the adopted
chapters of ASCE/SEI 7-10 and the references cited therein constitute Volume 1 the 2015 Provisions. Part
3 of the Provisions presents Resource Papers in a separate VVolume 2.

Work on the 2015 Provisions began in October 2009 when the National Institute of Building Sciences, the
BSSC'’s parent organization, entered into a contract with FEMA for initiation of the 2015 Provisions update
effort. In consideration of balancing geographical and design practices, providing expertise in a broad range
of subject areas, focusing on key areas of code improvement, and collaborating with national standards and
building codes, 21 individual experts were selected to serve on the 2015 Provisions Update Committee
(PUC). The PUC, with input from the earthquake engineering community, identified technical issues
considered most critical for improvement of the U.S. seismic design practice, and formed Issue Teams for
developing change proposals to the ASCE Standard. The following topics were investigated in the 2015
Provisions cycle: incorporation of P-695/P-795 methodologies for qualification of new systems and
components; evaluation of performance objectives for seismic design and re-evaluation of seismic design
categories; anchorage to concrete based-on ACI 318 Appendix D; nonlinear response history analysis;
diaphragm issues; foundations on liquefiable soil and other site-related issues; soil amplification factors;
triggers for site-specific spectra, design mapping issues based-on the U.S. Geological Survey’s 2014
national seismic hazard maps; base isolation, energy dissipation systems; soil-structure interaction, and
modal response spectrum analysis.

Between March 2010 and February 2015, the Issue Teams, members of the PUC, and the BSSC’s
Simplified Seismic Design Project developed 47 change proposals that were evaluated by the PUC in seven
ballots, and subsequently evaluated by the Membership Organization representatives in four ballots. The
consensus approved proposals from these four ballots were accepted by the BSSC Board of Direction for
incorporation into the 2015 Provisions. The 2015 Provisions include extensive new changes, affecting
significant parts of the seismic design sections in ASCE 7-10, including replacing four entire chapters.

All changes in Parts 1 and 2 of the Provisions are submitted to the ASCE/SEI 7 Standard committee for
consideration of adoption. With some further improvements on the code language, most of these new
changes are expected to be accepted in ASCE/SEI 7-16. The Standard is expected to be adopted by
reference in International Building Codes (IBC) 2018.
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The 2015 Provisions are divided into two volumes. For readers who are not familiar with the format and
contents of the new Provisions in Volume 1, a short summary on the composition of each volume is
provided below. In particular, for Part 1 of the Provisions in Volume 1, its Table of Contents lists only
those sections and subsections of ASCE/SEI 7-10 that have been changed by approved proposals of the
Provisions. For information on specific changes in Part 1 of the Provisions, the table below provides the
topics of the approved change proposals along with their relevant section numbers and commentary section
numbers.

Topics of change proposals

Related or new sections of ASCE/SEI 7

Related commentary sections

Intent of the Provisions

Section 1.1 (this applies to the
2015 Provisions only)

2.1

Adoption of ASCE/SEI 7-10 Chapters 11-23, Supplement No. 1 and the
Expanded Commentary for the 2015 Provisions

All sections of Chapters 11-23
in ASCE/SEI 7-10 without
exception

All sections of C11-C22

Revised site coefficients Fa, Fv,and Frea for MCEr spectral response and
maximum considered geo-mean peak ground acceleration PGAwm

Sections 11.4.2,11.4.3, and
11.8.3

C11.4, C11.4.2, C11.4.3
C11.8

Site-specific ground motion procedures for certain structures on site Sections 11.4.7, and 21.4 C11.4.7
classes D and E C21.4
Limit Sws not less than Sw1 Section 11.4.3 C11.4.3
Ad'opt.lon of FEMA P-695 methodology for qualification of alternative new Section 12.2.1,12.2.1.1 12211
seismic resistant systems
Adoption of FEMA P-795 methodology for equivalence of substitute Section 12.2.1.2 C12.2.1.2
components
Strength-based design of foundations Sections 1.2,12.1.5, 12.7, and C12.13.1,5-7
12.13.1-7
Requirements for using maximum Ss value in determination of Cs Sections 12.8.1.3 C12.8.1.3
Accidental Torsion Section 12.8.4.2 C12.8.4.2
Section 12.9.1 Egg;
Modal analysis procedure in scaling design values of combined response, Section 12.9.4 C12‘9.4
3D structural modeling and linear modal response history analysis Section 12.9.8 C12‘9.8
Section 12.9.2 €12.92
Requirements for structure foundations on liquefiable sites Section 12.13.8 C12.13.8
Revision to section 12.14 Simplified Alternative Seismic Design Criteria Section 12.14.1 C12.14.1

A new alternative diaphragm design procedure and diaphragm design
force reduction factor Rs

Diaphragm design procedure mandatory for pre-cast concrete diaphragm
in SDC D, E and F, optional for other concrete and wood sheathing
diaphragms

Sections 11.2, 11.3,12.3.1.3,
12.10, and 12.10.3

Sections 11.3, 14.2.2.1, and
14.2.4,

C11.2, C11.3,C12.3.1.3,
€12.10, and €12.10.3

C14.2.2.1,C14.2.4

Adoption of ASCE/SEI 7-10 Supplement No. 2, deletion of the line item on

tanks and vessels supported on other structures or towers in Table 15.4 section 15.4.1 c154.1
Sections All listed sections of

Chapter 16 Seismic Response History Procedure Chapter 16, 11.4.7, and Cle6,C11.4.7
12.4.2.2
All listed secti f Chapt

Chapter 17 Seismic Design Requirements for Seismically Isolated Structures sted sections of Lhapter Cc17

17
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Topics of change proposals Related or new sections of ASCE/SEI 7 Related commentary sections

Steel ordinary concentrically braced frames (OCBF) used in isolated

structures in SDC D, E and F section 17.2.5.4 C17.2.5.4
Steel grid frames at base level of isolated structures Section 17.2.4.9

Chapter 18 Seismic Design Requirements for Structures with Damping All listed sections of Chapter c18
Systems 18

All listed sections of Chapter

Chapter 19 Soil-Structure Interaction for Seismic Design 19 C19
- . . . Chapter 22 Introduction and

Seismic design ground motion maps for Guam and America Samoa Figures 22-7, 22-8 and 22-13

Seismic design ground motion maps based-on the 2014 USGS seismic Chapter 22 Figures 22-1, 22-2, 22

hazard maps 22-9,22-18, 22-19

Chapter 23, Vertical Ground Motions for Seismic Design (retained from All sections of Chapter 23A C23A

2009 NEHRP Provisions)

New Chapter 24 Alternative Seismic Design Requirements for SDC B

. All sections of new Chapter 24 All sections of C24
Buildings

For Part 2 in Volume 1 and Part 3 in Volume 2, the Table of Contents lists all chapters and up-to the fourth
level of subsection headings.

A separate companion Provisions CD includes proposed maps for ASCE/SEI 7-16, IBC 2018 and IRC 2018
and issues and research recommendations for developing the 2020 Provisions.

The composition of each volume of the 2015 Provisions chapters and the appendix is described below.
Volume 1:
Intent

This chapter on the Intent of the 2015 Provisions, including a commentary on the intent, describes the
expected seismic performance that is judged to be inherent in the seismic requirements in Parts 1 and 2.

Part 1, Provisions — Modifications to ASCE/SEI 7-10, Chapters 11 - 22
For ASCE/SEI 7-10, this part of the 2015 NEHRP Recommended Seismic Provisions consists of:

e Reuvisions, replacements and additions to Chapters 11, 12, 14, 15, 21 and 22.
o Complete replacement of Chapters 16, 17, 18 and 19.
e A minor modification to Chapter 1.

Part 1 also contains:

o Chapter 23A, a reprint of Chapter 23 from the 2009 Provisions.
e The addition of Chapter 24.

ASCE 7-10 Chapter 11 Sections 11.5 Importance Factor and Risk Category and 11.6 Seismic Design
Category are included without modification. These two sections with the revised soil factors and seismic
ground motions in Section 11.4 Seismic Ground Motion Values and the complete set of existing and
modified Chapter 22 maps are intended to assist nontechnical users of the Provisions (state and local
government earthquake program managers, planners and policy makers, students and educators, insurance
industry and risk management professionals etc.) in determining the Seismic Design Category for a building
based on the new ground motion values and soil factors adopted by the Provisions.
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Chapter 23A follows Chapter 23 of ASCE/SEI 7-10, which is not addressed in Part 1. Any reference to
Chapter 23 in Part 1 of the 2015 Provisions directs the reader to Chapter 23 of ASCE 7-10.

Part 2, Commentary - ASCE/SEI 7-10, Chapters C11 - C22 with Modifications

For the 2015 Provisions, the commentary in Part 2 explains the development and application of both the
existing requirements in ASCE 7-10 and recommended modifications in Part 1. In the 2009 Provisions a
major effort was made to rewrite a commentary that was subsequently adopted in ASCE/SEI 7-10. The
2009 Provisions Part 1 changes appended their own commentaries. In Part 2 of the 2015 Provisions the
ASCE/SEI 7-10 commentary (the final version developed after the 3rd Printing) is reproduced in its entirety
with recommended revisions, replacements and additions indicated by a vertical line in the right hand
margin. Specifically, Part 2 includes:

o Revisions, replacements and additions to Chapters C11, C12, C14, C15, C21 and C22.
o Complete replacement of Chapters C16, C17, C18 and C19.

The Part 2 Commentary also contains:

e Unedited Chapters 13 and 20 of the ASCE/SEI 7-10 Commentary.
e Chapter C23A, a reprint of Chapter 23 from the 2009 Provisions.
e The addition of Chapter C24.

This amended commentary is intended primarily for design professionals and members of the codes and
standards development community. However, an understanding of the basis for the seismic regulations
contained in the nation’s building codes and standards is important to many outside this technical
community, including elected officials and other decision makers responsible for aspects of the built
environment, the financial and insurance communities, and individual business owners and other citizens.
These individuals and others who do not have in-depth technical knowledge may find of interest a
complementary report that presents a brief overview that was developed for the 2009 Provisions. This
overview is published as FEMA P-749, Concepts of Seismic Design: An Introduction to the NEHRP
Recommended Seismic Provisions for New Buildings and Other Structures.

Appendix, 2015 NEHRP Recommended Seismic Provisions Project Participants

The Appendix lists project participants that supported the development of the 2015 Provisions
including the members of the BSSC Board of Direction, the Member Organizations and their
representatives, the Provisions Update Committee members, the Issue Teams and Study Work Groups and
their members, NEHRP liaison, FEMA, NIST, USGS representatives and BSSC staff support.

Volume 2:
Part 3, Resource Papers (RP) on Special Topics on Seismic Design

In a separate volume, Part 3 of the 2015 NEHRP Recommended Seismic Provisions is a collection of
resource papers that introduce new procedures or provisions not currently contained in the referenced
standards for consideration and experimental use by the design community, researchers, and standards- and
code-development organizations. Part 3 also represents Issue Team efforts on substantive proposals for
topics that require further consideration by the seismic design community and additional research before
being submitted to the BSSC membership for consensus approval for Parts 1 and 2 in the 2020 Provisions.
Part 3 provides useful guidance on the application of Part 1 requirements, either as a discussion of an overall
approach or as a detailed procedure and clarify some aspects of the Provisions requirements in Part 2. Part
3 consists of the following resource papers:

e Resource Paper 1, New Performance Basis for the Provisions

e Resource Paper 2, Diaphragm Design Force Level

e Resource Paper 3, Diaphragm Design: Current Practice, Past Performance and Future
Improvements

XXXV



e Resource Paper 4, Updated Maximum-Response Scale Factors
o Resource Paper 5, One-Story, Flexible Diaphragm Buildings with Stiff Vertical Elements

Specifically, the five resource papers include:

e Proposals for code and standard changes reflecting new and innovative concepts or technologies
that are judged, at the time of publication of this edition of the Provisions, to require additional
exposure to those who use codes and standards, and to possibly require systematic trial use. Some
of these potential future changes are formatted for direct adoption while others discuss only the
thrust of the proposed change.

o Discussions of topics that historically have been difficult to adequately codify. These papers
provide background information intended to stimulate further discussion and research and,
eventually, code change proposals.

Resource Papers 2, 3 and 4 also contain further proposed modifications to Parts 1 and 2 of the Provisions.

Feedback on the resource papers is encouraged. Comments and questions about the topics treated in these
Part 3 resource papers should be addressed to:

Building Seismic Safety Council
National Institute of Building Sciences
1090 Vermont Avenue, N.W., Suite 700
Washington, D.C. 20005
Tel: (202) 289-7800, Fax: (202) 289-1092, E-mail: bssc@nibs.org
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2015 NEHRP RECOMMENDED SEISMIC
PROVISIONS FOR NEW BUILDINGS AND
OTHER STRUCTURES:

INTENT

This chapter on the Intent of the 2015 Provisions describes the expected seismic performance that is
judged to be inherent in the seismic requirements in Parts 1 and 2.

11 INTENT

The NEHRP Recommended Seismic Provisions for New Buildings and Other Structures presents the
minimum recommended requirements necessary for the design and construction of new buildings and other
structures to resist earthquake ground motions throughout the United States. The objectives of these
provisions are to provide reasonable assurance of seismic performance that will:

1. Avoid serious injury and life loss due to

a. Structure collapse
b. Failure of nonstructural components or systems
c. Release of hazardous materials

2. Preserve means of egress
3. Avoid loss of function in critical facilities, and
4. Reduce structural and nonstructural repair costs where practicable.

These performance objectives do not all have the same likelihood of being achieved. Additional detail on
the objectives is provided in section 1.1.1 through 1.1.6.

The degree to which these objectives can be achieved depends on a number of factors including structural
framing type, building configuration, structural and nonstructural materials and details, and overall quality
of design and construction. In addition, large uncertainties as to the intensity and duration of shaking and
the possibility of unfavorable response of a small subset of buildings or other structures may prevent full
realization of these objectives.

111 Structure Collapse

For objective 1.a the Provisions target performance such that the probability of collapse of a significant
portion or all of an ordinary use (Risk Category I1%) structure due to earthquake ground shaking does not
exceed 10% given the occurrence of a very rare ground motion. For nearly all of the country the very rare
ground motion is computed such that for structures that have the typical collapse fragility when subjected
to various seismic ground motions, there is an overall 1% chance of collapse in 50 years due to earthquake
ground shaking. The combination of these two probabilities defines the “Risk Targeted Maximum
Considered Earthquake Ground Motion (MCERg).” There are areas near faults that produce frequent, large

! Where the Risk Category is defined in Section 1.5 of ASCE/SEI 7-10
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earthquakes where the MCERr ground shaking is not computed on the basis of the 1% in 50 year target,
because that probabilistic computation produces extremely large ground motions. In such areas the MCEr
ground shaking is determined by assuming that a characteristic earthquake for that fault does occur and
then computing the ground motion attenuation from the fault to the site at the 84" percentile level.

Objective 1l.a is adjusted, using importance factors, to target a higher reliability against collapse for
structures in higher Risk Categories?, such as those housing a function essential to the response of a
community following a disastrous event, large or less capable populations, or hazardous materials. There
are additional performance goals for some of these types of structures, addressed in the following sections,
and those other goals may govern the design. Roughly, these adjustments in the risk target reduce by half
the probability of collapse for each incremental increase in the Risk Category. This adjustment applies to
the conditional probability of collapse given the occurrence of the MCEg ground motion. The probabilities
of collapse in 50 years also change in a similar fashion, but there will be some difference from site to site
based upon the nature of the seismic ground motion hazard. Thus the probabilities of collapse for the four
risk categories are targeted as follows:

Probability of Collapse
Risk Category* Given MCER Shaking In 50 years*
I *k *k
1 10% 1%
1 5% less than 1%
v 2.5% less than 1%

*The probability of collapse in 50 years is larger in areas where the MCEg ground motion is computed from a deterministic
assumption of earthquake occurrence.

**Most Risk Category | structures are designed for the same requirement as Risk Category 1, while some are exempted from
any seismic design requirement.

The basic recommendation for Risk Category Il structures is based upon acceptance of substantial damage
at the MCEr ground motion and lesser damage at lesser ground motions.

The Provisions employ a system of Seismic Design Categories to apply various requirements for more
rigorous design methods, construction details, and limitations on materials and systems. The category
depends on the MCEr ground motion at the specific site and the Risk Category of the structure. The MCEr
ground motion is defined to include modifications for ground conditions at the specific site.

Seismic Design Category A is the lowest category. No seismic design requirements are applied for
Category A. It is defined to be those sites where the MCEr ground motion is less than half that associated
with structural damage in historical earthquakes, regardless of Risk Category.

1.1.2 Nonstructural Damage

For objective 1.b the Provisions recommend that structures and selected nonstructural components be
designed and built to prevent failures of nonstructural components or systems, where such failures would
endanger life. The criterion is based on less severe and more frequent ground shaking than used for
protection against structure collapse. Based on historic precedent, this level of ground motion is taken as
two-thirds of the MCEr ground motion. It is termed the design earthquake ground motion, or DE ground
motion.

For components that pose a life safety threat due to their weight and position, the fundamental requirement
is to maintain the position of the component through anchorage, bracing, and strength. Observations of
damage to some unbraced and unanchored components in past earthquakes suggest that life threatening
damage is unlikely under moderate ground motions, while other components such as parapets and other
appendages still pose a significant risk. Thus the scope of components to consider is substantially less in
the seismic design categories where the ground shaking demand is moderate. Through the use of a
component importance factor to require greater strength and displacement capacity, the probability of




Intent

failure given the DE ground motion is reduced for components that are necessary for life safety immediately
following a strong earthquake, such as fire suppression systems and egress stairways. In addition to
requirements for bracing and anchorage, equipment assigned the high component importance factor must
be qualified through testing, experience data, or analysis to assure continuous operation when subject to the
DE ground motion. Performance of nonstructural components is also influenced by the requirements for a
minimum lateral stiffness (drift limits) for structural systems and requirements that nonstructural systems
accommodate the anticipated structural drift; the stiffness requirement is more restrictive for higher Risk
Categories.

1.1.3 Hazardous Materials

For objective 1.c the Provisions target structures to be designed and built to prevent failure of structural or
nonstructural components or systems that would release unacceptable quantities of hazardous materials.
For buildings and nonbuilding structures the performance target is adjusted for the Risk Category just as it
is for the collapse objective (1.1.1). For nonstructural components, the performance target is adjusted with
component importance factors, and the basis is the DE. For Risk Categories Il and IV the objective is to
provide a likelihood of major release of hazardous materials that is very low at the DE ground motion and
thus low at the MCEgr ground motion. For nonstructural components the amount of inelastic behavior
permitted at strong ground motions is adjusted with the component importance factor. For nonbuilding
structures the protection from major releases may include secondary containment.

114 Preservation of Egress

For Objective 2 the Provisions intend that stairs be designed and built to be functional following the DE
ground motion. The component importance factor is intended to provide a low likelihood that stairs lose
support due to seismic displacements.

1.15 Functionality of Critical or Essential Facilities

For Objective 3 the Provisions intend to avoid earthquake-induced loss of functionality for Risk Category
IV structures and some nonbuilding Risk Category 111 structures. In addition the Provisions include some
requirements to increase the likelihood that function be maintained for nonstructural components and
systems at the DE ground motion. To help achieve these goals, permissible story drifts are reduced to
control damage to nonstructural components connected to multiple floor levels. Nonstructural system
performance is enhanced by strengthening the anchorage and bracing requirements for components
necessary for functionality of the facility, and by requiring that important equipment and associated systems
be shown to be functional after being shaken. The expectation is that functionality will usually be
maintained at ground motions comparable to the motion used for design of nonstructural elements (the DE
ground motion); however, given the state of knowledge for predicting such performance, the probability of
meeting that expectation is not specified.

1.1.6 Repair Costs

Obijective 4 is primarily aimed at those nonstructural elements for which seismic anchorage and bracing are
both low cost and effective in reducing economic losses in ground motions that are smaller and more
frequent than the motions used for life safety. There are also provisions in various material design standards
that aim to provide additional resistance for certain structural failure states that are not particularly
threatening to life, but are very expensive to repair.

1.1.7 Reference Document

Design for seismic resistance of structural elements including foundation elements and nonstructural
components shall conform to the requirements of ASCE/SEI 7-10, Minimum Design Loads for Buildings
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and Other Structures, including Supplement No. 1 (referred to hereinafter as ASCE/SEI 7-10), as modified
herein.

2.1 COMMENTARY TO THE INTENT

The primary intent of the NEHRP Recommended Seismic Provisions for New Buildings and Other
Structures is to prevent, for ordinary buildings and structures, serious injury and life loss caused by damage
from earthquake ground shaking and ground failure. Most earthquake injuries and deaths are caused by
structural collapse; therefore, the major thrust of the Provisions is to prevent collapse for very rare, intense
ground motion, termed the risk targeted maximum considered earthquake (MCEg) ground motion.
Additional objectives to preserve means of egress, maintain functionality of critical or essential facilities
following major earthquakes, and to reduce damage costs, where practicable, are addressed as corollaries
to the primary intent.

The Provisions requirements are not intended to prevent damage due to landslides (such as those that
occurred in Anchorage, Alaska) or tsunami (such as occurred in Hilo, Hawaii, the Indian Ocean, and Japan).
They provide only for required resistance to earthquake ground shaking and movements due to liquefaction
without significant slides, subsidence, or faulting in the immediate vicinity of the structure. In most cases,
practical engineering solutions are available to resist other potential earthquake hazards, but they must be
developed on a case-by-case basis. The Provisions do require geotechnical investigations for sites where
such instabilities are possible, and the geotechnical reports must recommend appropriate mitigation.

Although the Provisions sets the minimum performance goals described in Section 1.1, earthquake
performance of buildings and other structures is highly variable. The characteristics of the shaking itself
are highly uncertain and even different ground motion records defined to qualify as maximum considered
earthquake ground motions for the same target spectrum can result in significantly different responses.
Additional uncertainty is created by the wide variety of systems and configurations allowed under the
regulations as well as by the various interpretations and implementation practices of individual designers.
Thus, a small percentage of buildings designed to the requirements of the Provisions may not meet the
performance intent when exposed to earthquake ground motions. The commentary of the Tentative
Provisions for the Development of Seismic Regulations for Buildings (Applied Technology Council, 1978),
upon which the first edition of the NEHRP Recommended Provisions (1985) was based, suggested a less
than 1 percent chance of collapse in a 50-year period for a building designed using the tentative
requirements. More recent studies (e.g., Quantification of Building Seismic Performance Factors, FEMA
P-695, 2009) suggest a 10 percent chance of collapse with shaking at the maximum considered earthquake
level, which is roughly equivalent to the 1978 estimations.

In the future it is possible that the risk targeting concepts implemented for the structural collapse objective
may be applied to other objectives, using methods such as described in Tentative Framework for Advanced
Seismic Design Criteria for New Buildings?. More knowledge of seismic performance of constructed
systems is needed to accomplish this.

211 Structure Collapse

The primary objective regarding collapse has remained the same since the 1997 edition of the Provisions;
however, the quantification was not added until the 2009 edition when the prevention of collapse was
redefined in terms of risk-targeted maximum considered earthquake (MCER) ground motions. A building
deemed to have higher importance due to hazardous contents or critical occupancy is assigned to a higher

2 Tentative Framework for Development of Advanced Seismic Design Criteria for New Buildings,
NEHRP Consultants Joint Venture, NIST GCR 12-917-20, National Institute of Standards and Technology,
Gaithersburg, MD 20899, 2012
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Risk Category (see ASCE/SEI 7-10 Table 1.5-1). The damage level in such buildings is intended to be
reduced by decreasing nonlinear demand using an importance factor, I, to reduce the response modification
coefficient, R. The resulting increased strength will reduce structural damage, and increase reliability of
acceptable performance, for a given level of shaking. Some authorities having jurisdiction subject the
design and construction of such buildings to a higher level of scrutiny to reduce uncertainties associated
with design or construction error.

The amplitude of the MCEr shaking, except where the deterministic limit applies, generally is somewhat
less than a ground motion hazard having a probability of 2% of being exceeded in 50 years. The
deterministic limit is imposed on the MCEr ground motion, because the large uncertainty in our ability to
predict ground motion at a site, given an earthquake of known magnitude at a known location, drives the
probabilistic computation to predict very large ground motions where the return period of the characteristic
earthquake is only a small fraction of the return period of interest for failure. The alternative calculation
effectively places a bound on that uncertainty in ground motion while preserving the occurrence of a rare
and large earthquake at a known location with some conservatism in the prediction of ground motion for
that event as the design basis. Compared to less seismically active regions where earthquake records are
rare, there is much more data available on the likely magnitude of earthquakes that active faults in such
regions are capable of generating. It is also true that very large ground motions make some types of
construction economically impractical, and there is insufficient experience to validate that design for such
extreme ground motions without the deterministic limit is necessary.

The risk target of a 1% chance of collapse in 50 years is roughly an order of magnitude higher than the
chance of failure of structural elements subject to combinations of conventional loads without earthquake,
in large part because the cost of providing seismic protection is substantial in high hazard locations. These
probabilities are meaningful when computed with the carefully constrained methodologies® used in
developing the probabilities cited here and are not intended to imply that the actual failure rates will be that
large or that such failure rates would be considered acceptable. It is believed the real rates are lower because

1. historical damage statistics would support better performance

2. the beneficial effect of the gravity load framing is ignored in establishing the seismic response
modification factor (the R factor),

3. conservative assumptions on uncertainties are included in the analysis of the seismic hazard and
the structural performance, and

4. on the average, structures are not actually designed at the limit of the design criterion

The constraints are intended to permit rational comparison of differing probabilities for differing
circumstances.

The ground motion level below which seismic design is not required is established at a conservatively low
level in part to recognize the lower confidence of knowledge of seismic hazards in such areas, but also to
address this discrepancy in risk under other loadings in an approximate fashion. In other words, given the
variation in ground shaking hazard with probability of exceedance in the pertinent range of probabilities,
the risk of collapse due to seismic action should be well under the 1% in 50 years target near the transition
in hazard level from Seismic Design Category A to B. The transition in risk of collapse to the target of 1%
in 50 years where the MCEg motions are higher is not yet well understood.

3 FEMA P695 Quantification of Building Seismic Performance Factors, Applied Technology Council,
Federal Emergency Management Agency, Washington, DC, June 2009, and Luco, N., et al., “Risk-targeted
versus current seismic design maps for the coterminous United States,” Proceedings, SEAOC 76" Annual
Convention, Structural Engineers Association of California, Sacramento, CA, 2007
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212 Nonstructural Damage

Falling exterior walls and cladding and falling interior ceilings, light fixtures, pipes, equipment, and other
nonstructural components also cause deaths and injuries, as well as loss of function. The Provisions
minimizes this risk using requirements for anchoring and bracing nonstructural components. In the future
it may be possible to target this objective to a specific risk, but at this time the level of protection is set at
two-thirds of the MCEr ground motion in part because that level is roughly the same as the level used for
design in Coastal California before the criterion for structure collapse was defined at the MCEr ground
motion. The level of ground motion of two-thirds of the MCEr ground motion is referred to as the Design
Earthquake ground motion; the probability of that level of ground motion occurring varies with location.
Another complicating factor in understanding the level of risk surrounding nonstructural failures is that the
demand on nonstructural components would vary with the amount of actual yielding in the structural
response to ground shaking, but it is currently not possible to provide for that in any design procedure based
upon linear response analysis methods.

The component importance factor is used to reduce the probability of failure of nonstructural components
or systems that create a risk to life stemming from loss of their function immediately following the
earthquake, such as the failure of the fire suppression system, rather than risks posed by the component
from its weight and position. The uncertainty in performance would be similar to the uncertainty in
structural collapse, because the overall uncertainty is dominated by variations in ground motion and
dynamic response of both the structure and the component, therefore the risk of failure of such components
is likely reduced but the degree cannot be stated at this time.

2.1.3 Hazardous Materials

Hazardous materials can be released by a structural and nonstructural failure, however such failures can
occur short of collapse. The expectation is that the probability of catastrophic release of such materials
across a facility boundary would be similar to the probability of structure collapse for ordinary structures,
although more study will be needed to validate that any target is indeed met by the recommended provisions.
Release within a facility where relatively fewer lives are at risk would be less rare, although no specific
target exists at this time. There is a lack of data, especially regarding the performance of nonstructural
systems under strong ground shaking that makes gquantification of the objective impossible without further
study. Refer to the commentary for Section 1.5.3 of ASCE/SEI 7-10 for the quantitative definition of toxic,
highly toxic, and explosive categories of hazardous materials.

2.14 Preservation of Egress

In the 2015 Provisions preservation of egress was identified as a distinct objective. At this time the specific
requirements are focused on deformation compatibility of stairs and ramps.

2.15 Functionality of Critical or Essential Facilities

It is important to realize that functionality does not imply an absence of damage, or even function as it
would be under ordinary circumstances. Experience has shown that extensive workaround solutions are
made to respond to damage in essential facilities so that some level of function is maintained, however such
solutions are not the goal of the Provisions. More work is necessary to improve standards so that functional
performance is achieved when desired. The functionality objective for Risk Category IV and some Risk
Category IlI structures will often control the structural design over the collapse objective. The performance
of critical occupancy structures in past earthquakes indicates that the increase in the importance factor, in
combination with strict regulation of design, testing, and inspection, reduces structural damage in moderate
shaking. Experience data show that some nonstructural components will remain functional if they stay in
position, but other components will require testing to show that they will function following strong shaking.
The emphasis to date has been on the seismic qualification of individual components and analysis of
individual systems. However, the nonstructural systems of many buildings are, in reality, complex networks
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that can be shut down by a single failure. For example, a break in a pressurized pipe can flood a critical
area of the facility, or if not quickly isolated, all of a building, forcing it to close, and failure of the anchorage
(or internal workings) of a battery, day tank, fuel lines, muffler, or main engine can shut down an emergency
generator. Therefore, the special regulations for seismic protection of nonstructural systems represent a
rational approach to achieving performance appropriate for the various occupancies, but experience data to
confirm their adequacy are lacking.

2.1.6 Repair Costs

The requirements for anchoring and bracing of nonstructural components and systems coupled with
reasonable limitations on differential movement between floors (i.e., story drift limits) may serve to control
damage that may be costly to repair or that would result in lengthy building closures, particularly for
moderate shaking levels. This level of economic protection will vary across different types of structural
and nonstructural systems, and no specific target has been established, nor is there a consensus among
stakeholders as to the appropriate levels of protection. Nonstructural designs for story drift that focus on
limiting damage to the component or system rather than only preventing catastrophic failure are much more
effective at reducing economic losses.

Stricter story drift limits can further limit damage to components connected to more than one floor (e.g.,
walls, cladding and stairways) but, at the same time, can create higher acceleration levels in the building
that could increase damage to nonstructural components braced or anchored to a single floor (e.g., ceilings,
light fixtures, and pipes). Achieving an optimum balance between the cost and performance of the structural
system and the effect of structural stiffness on performance of the nonstructural systems is not accomplished
using the prescriptive rules of a building code, particularly given the variety of structural systems used in
the United States.

Examples of provisions with a primary focus of damage control, rather than life safety, include bracing of
lightweight ceiling systems, limitations on punching shear in concrete flat slabs (in the design standard for
concrete structures), and limitations on interstory drift for masonry walls.
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2015 NEHRP RECOMMENDED SEISMIC
PROVISIONS FOR NEW BUILDINGS AND
OTHER STRUCTURES:

PART 1, PROVISIONS

MODIFICATIONS TO ASCE/SEI 7-10, CHAPTERS 11 - 22,
AND ADDITIONAL CHAPTERS 23A AND 24

The 2015 edition of the NEHRP Recommended Seismic Provisions for New Buildings and Other Structures
is a new knowledge-based resource of technologies and procedures for improving seismic design and
building practices in the nation. Starting with the 2009 edition, the Provisions began to focus on serving as
a resource document aimed at translating research into practice. In this process, the earlier practice of
containing a full set of seismic design requirements was eliminated. This approach is continued with the
2015 Provisions. The new changes in the 2015 NEHRP Provisions are based-on extensive results and
findings from research projects, problem-focused studies, and post-earthquake investigation reports
conducted by various professional organizations, research institutes, universities, material industries and
NEHRP agencies.

Consistent with the approach used in the 2009 edition, the national standard ASCE/SEI 7-10, Minimum
Design Loads for Buildings and Other Structures, Chapters 11-23, including Supplement No. 1 and the
Expanded Commentary, has been adopted by reference for the Provisions. Modifications and additions to
the Standard that passed BSSC's evaluation and consensus approval process appear in Part 1 of the
Provisions. These recommended changes are intended for consideration and adoption in the next edition
of ASCE/SEI 7. Each proposed Part 1 change is accompanied by a corresponding change to the ASCE 7-
10 Commentary, which is contained in Part 2 of the Provisions. Parts 1 and 2 together with the adopted
chapters of ASCE/SEI 7-10 and the references cited therein constitute Volume 1 the 2015 Provisions. Part
3 of the Provisions presents Resource Papers in a separate VVolume 2.

Work on the 2015 Provisions began in October 2009 when the National Institute of Building Sciences, the
BSSC'’s parent organization, entered into a contract with FEMA for initiation of the 2015 Provisions update
effort. In consideration of balancing geographical and design practices, providing expertise in a broad range
of subject areas, focusing on key areas of code improvement, and collaborating with national standards and
building codes, 21 individual experts were selected to serve on the 2015 Provisions Update Committee
(PUC). The PUC, with input from the earthquake engineering community, identified technical issues
considered most critical for improvement of the U.S. seismic design practice, and formed Issue Teams for
developing change proposals to the ASCE Standard. The following topics were investigated in the 2015
Provisions cycle: incorporation of P-695/P-795 methodologies for qualification of new systems and
components; evaluation of performance objectives for seismic design and re-evaluation of seismic design
categories; anchorage to concrete based-on ACI 318 Appendix D; nonlinear response history analysis;
diaphragm issues; foundations on liquefiable soil and other site-related issues; soil amplification factors;
triggers for site-specific spectra, design mapping issues based-on the U.S. Geological Survey’s 2014
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national seismic hazard maps; base isolation, energy dissipation systems; soil-structure interaction, and
modal response spectrum analysis.

Between March 2010 and February 2015, the Issue Teams, members of the PUC, and the BSSC’s
Simplified Seismic Design Project developed 47 change proposals that were evaluated by the PUC in seven
ballots, and subsequently evaluated by the Membership Organization representatives in four ballots. The
consensus approved proposals from these four ballots were accepted by the BSSC Board of Direction for
incorporation into the 2015 Provisions. The 2015 Provisions include extensive new changes, affecting
significant parts of the seismic design sections in ASCE 7-10, including replacing four entire chapters.

All changes in Parts 1 and 2 of the Provisions are submitted to the ASCE/SEI 7 Standard committee for
consideration of adoption. With some further improvements on the code language, most of these new
changes are expected to be accepted in ASCE/SEI 7-16. The Standard is expected to be adopted by
reference in International Building Codes (IBC) 2018.

The 2015 Provisions are divided into two volumes. For Part 1 of the Provisions in Volume 1, its Table of
Contents lists only those sections and subsections of ASCE/SEI 7-10 that have been changed by approved
proposals of the Provisions. For Part 2 in Volume 1 and Part 3 in Volume 2, the Table of Contents lists all
chapters and up-to the fourth level of subsection headings.

A separate companion Provisions CD includes proposed maps for ASCE/SEI 7-16, IBC 2018 and IRC 2018
and issues and research recommendations for developing the 2020 Provisions.

Part 1 consists of:

e Reuvisions, replacements and additions to Chapters 11, 12, 14, 15, 21 and 22.
o Complete replacement of Chapters 16, 17, 18 and 19.
e A minor modification to Chapter 1.

Part 1 also contains:

e Chapter 23A, a reprint of Chapter 23 from the 2009 Provisions.
e The addition of Chapter 24.

ASCE 7-10 Chapter 11 Sections 11.5 Importance Factor and Risk Category and 11.6 Seismic Design
Category are included without modification. These two sections with the revised soil factors and seismic
ground motions in Section 11.4 Seismic Ground Motion Values and the complete set of existing and
modified Chapter 22 maps are intended to assist nontechnical users of the Provisions (state and local
government earthquake program managers, planners and policy makers, students and educators, insurance
industry and risk management professionals etc.) in determining the Seismic Design Category for a building
based on the new ground motion values and soil factors adopted by the Provisions.

Chapter 23A follows Chapter 23 of ASCE 7-10, which is not addressed in Part 1. Any reference to Chapter
23 in Part 1 of the 2015 Provisions directs the reader to Chapter 23 of ASCE 7-10.

10



Part 1, Provisions

CHAPTER 1, GENERAL

(Modifications)

SECTION 1.2.1

121 Definitions
In Section 1.2.1 Definitions, add the following:

FOUNDATION GEOTECHNICAL CAPACITY: The maximum allowable stress or strength
design capacity of a foundation based upon the supporting soil, rock or controlled low-strength material.

FOUNDATION STRUCTURAL CAPACITY: The design strength of foundations or foundation
components as determined in accordance with adopted material standards and as altered by the requirements
of this Standard.

11
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Page intentionally left blank.
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CHAPTER 11, SEISMIC DESIGN CRITERIA

(Modifications)

SECTION 11.2

11.2 DEFINITIONS
In Section 11.2 DEFINITIONS, replace the definition of “DIAPHRAGM” with the following:

DIAPHRAGM: Roof, floor, or other membrane or bracing system acting to transfer the lateral forces
to the vertical resisting elements.

FLEXURE-CONTROLLED DIAPHRAGM: Diaphragm with a well-defined flexural yielding
mechanism, which limits the force that develops in the diaphragm.

SHEAR-CONTROLLED DIAPHRAGM: Diaphragm that does not meet the requirements of a
flexure-controlled diaphragm.

TRANSFER DIAPHRAGM: A diaphragm that transfers seismic forces from the vertical resisting
elements above the diaphragm to other vertical resisting elements below the diaphragm due to offsets in the
placement of the elements or to changes in relative lateral stiffnesses of the vertical elements.

In Section 11.2 DEFINITIONS, add the following definition:

PRECAST CONCRETE DIAPHRAGM DESIGN OPTIONS: (a) Basic Design Option (BDO)
targets elastic diaphragm response in the design earthquake, (b) Elastic Design Option (EDO) targets elastic
diaphragm response in the maximum considered earthquake, and (c¢) Reduced Design Option (RDO)
permits limited diaphragm yielding in the design earthquake. These options are implemented in precast
diaphragm design in accordance with Section 14.2.4. [Note: A new Section 14.2.4 has been added to Part
1 of the Provisions.]

SECTION 11.3
In Section 11.3 SYMBOLS, add the following symbols:

11.3 SYMBOLS

Cax = Deflection amplification factor in the X direction (Section 12.9.2.5.5)
Cav = Deflection amplification factor in the Y direction (Section 12.9.2.5.5)
Cpo = diaphragm design acceleration coefficient at the structure base, Section 12.10.3.2.1
Cpn = diaphragm design acceleration coefficient at the structural height, h,, Section 12.10.3.2.1
Cyx = diaphragm design acceleration coefficient at Level x, Section 12.10.3.2.1
Cs2 = higher mode seismic response coefficient, Section 12.10.3.2.1
Fox = diaphragm seismic design force at Level x
Rs = diaphragm design force reduction factor, Section 12.10.3.5
Rx = Response modification factor in the X direction (Section 12.9.2.5.2)
Ry = Response modification factor in the Y direction (Section 12.9.2.5.2)

Tiower = Period of vibration at which 90% of the actual mass has been recovered in each of the two
orthogonal directions of response (Section 12.9.2.2.4). The mathematical model used to
compute Tiower Shall not include accidental torsion
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Tupper = The larger of the two orthogonal fundamental periods of vibration (Section 12.9.2.2.4). The
mathematical model used to compute Tugper Shall not include accidental torsion

Vex = Maximum absolute value of Elastic Base Shear computed in the X direction among all three
analyses performed in that direction (Section 12.9.2.5.1)

Vey = Maximum absolute value of Elastic Base Shear computed in the Y direction among all three
analyses performed in that direction (Section 12.9.2.5.1)

Vix = Inelastic base shear in the X direction (Section 12.9.2.5.2)
Viy = Inelastic Base Shear in the Y direction (Section 12.9.2.5.2)
Vx = ELF base shear for the X direction (Section 12.9.2.5.3)

Vy = ELF base shear in the Y direction (Section 12.9.2.5.3)
Wpx = weight tributary to the diaphragm at Level x

zs = mode shape factor, Section 12.10.3.2.1

Aapve = average drift of adjoining vertical elements of the seismic force-resisting system over the
story below the diaphragm under consideration, under tributary lateral load equivalent to
that used in the computation of dmpp, Fig. 12.3-1 (in. or mm)

dvop = computed maximum in-plane deflection of the diaphragm under lateral load, Fig. 12.3-1 (in.
or mm)

I'm,I'm2 = first and higher modal contribution factors, respectively, Section 12.10.3.2.1
nx = Force scale factor in the X direction (Section 12.9.2.5.4)
v = Force scale factor in the Y direction (Section 12.9.2.5.4)
0, = diaphragm shear overstrength factor; see Section 14.2.4.1

SECTION 11.4.2
Replace Section 11.4.2 with the following:

11.4.2 Site Class

Based on the site soil properties, the site shall be classified as Site Class A, B, C, D, E, or F in accordance
with Chapter 20. Where the soil properties are not known in sufficient detail to determine the site class, Site
Class D, subject to the requirements of Section11.4.3, shall be used unless the authority having jurisdiction
or geotechnical data determines Site Class E or F soils are present at the site.

For situations in which site investigations, performed in accordance with Chapter 20, reveal competent
rock conditions consistent with Site Class B, but site-specific velocity measurements are not made, the site
coefficients F, and F, shall be taken as unity (1.0).

SECTION 11.4.3

Replace Section 11.4.3 with the following:

11.4.3 Site Coefficients and Risk-Targeted Maximum Considered Earthquake (MCEg)
Spectral Response Acceleration Parameters

The MCERr spectral response acceleration parameters for short periods (Sws), and at 1 s (Swmi), and, adjusted
for Site Class effects, shall be determined by Egs. 11.4-1 and 11.4-2, respectively.

Sms = FaSs (11.4-1)
Sm1 = RSt (11.4-2)
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but Sus shall not be taken less than Sm1 except when determining Seismic Design Category in accordance
with Section 11.6

where

Ss = the mapped MCERr spectral response acceleration parameter at short periods as determined
in accordance with Section 11.4.1, and

S; = the mapped MCERr spectral response acceleration parameter at a period of 1 s as determined
in accordance with Section 11.4.1

where site coefficients F, and F, are defined in Tables 11.4-1 and 11.4-2, respectively. Where
Site Class D is selected as the default site class per Section 11.4.2, the value of F; shall not be
less than 1.2. Where the simplified design procedure of Section 12.14 is used, the value of F,
shall be determined in accordance with Section 12.14.8.1, and the values for Fy, Sws, and Swm1

need not be determined.

Table 11.4-1 Short-Period Site Coefficient, Fa
Mapped Risk-Targeted Maximum Considered Earthquake (MCER) Spectral Response Acceleration Parameter
at Short Period

. Site . Ss< . Ss= . Ss=

Class 0.25 ° Ss=05 075 ° Ss=10 125 ° Ss215
A 0.8 0.8 0.8 0.8 0.8 0.8
B 0.9 0.9 0.9 0.9 0.9 0.9
C 1.3 13 1.2 1.2 1.2 1.2
D 1.6 1.4 1.2 11 1.0 1.0
E 2.4 1.7 13 See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7
F See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7

Note: Use straight-line interpolation for intermediate values of S;.

Table 11.4-2 Long-Period Site Coefficient, F,
Mapped Risk-Targeted Maximum Considered Earthquake (MCER) Spectral Response Acceleration Parameter

at 1-s Period
i ite Class . $:1<0.1 . S1=0.2 . S1=03 . S1=04 . S1=05 . S$120.6
A 0.8 0.8 0.8 0.8 0.8 0.8
B 0.8 0.8 0.8 0.8 0.8 0.8
C 15 15 15 15 15 14
D 24 2.2t 2.0t 1.9 1.8¢ 1.7t
E 4.2 3.3t 2.8t 2.4t 2.2t 2.0t
F See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7

Note: *Also, see requirements for site-specific ground motions in Section 11.4.7.
Note: Use straight-line interpolation for intermediate values of S;.

SECTION 11.4.7
Replace Section 11.4.7 with the following:

11.4.7 Site-Specific Ground Motion Procedures

It shall be permitted to perform a site response analysis in accordance with Section 21.1 and/or a ground
motion hazard analysis in accordance with Section 21.2 to determine ground motions for any structure.
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When the procedures of either Section 21.1 or Section 21.2 are used, the design response spectrum shall
be determined in accordance with Section 21.3, the design acceleration parameters shall be determined in
accordance with Section 21.4 and, if required, the MCEg peak ground acceleration parameter shall be
determined in accordance with Section 21.5.

A site response analysis shall be performed in accordance with Section 21.1 for structures on Site Class
F sites, unless exempted in accordance with Section 20.3.1.

A ground motion hazard analysis shall be performed in accordance with Section 21.2 for the following:

1. seismically isolated structures, for structures with damping systems and for structures designed
using the response history procedure of Chapter 16, on sites with S; greater than or equal to 0.6.

2. structures on Site Class E sites with Ss greater than or equal to 1.0.

3. structures on Site Class D and E sites with S; greater than or equal to 0.2.

EXCEPTION:
A ground motion hazard analysis is not required for the following cases:

4. Structures on Site Class E sites with Ss greater than or equal to 1.0, provided the site coefficient
Fa is taken as equal to that of Site Class C.

5. Structures on Site Class D sites with S; greater than or equal to 0.2, provided that the value of the
seismic response coefficient Cs is determined by Eq. 12.8-2 for values of T < 1.5T; and taken as
equal to 1.5 times the value computed in accordance with either Eq. 12.8-3 for T_ > T > 1.5T; or
Eqg. 12.8-4 for T > T..

6. Structures on Site Class E sites with S; greater than or equal to 0.2, provided that T is less than or
equal to Ts and the equivalent static force procedure is used for design.

The above exceptions do not apply to seismically isolated structures, structures with damping
systems or structures designed using the response history procedures of Chapter 16.
SECTION 11.5 AND 11.6
The following two sections, 11.5 and 11.6, are provided without modification for reference:

115 IMPORTANCE FACTOR AND RISK CATEGORY

1151 Importance Factor
An importance factor, le, shall be assigned to each structure in accordance with Table 1.5-2.

1152 Protected Access for Risk Category IV

Where operational access to a Risk Category IV structure is required through an adjacent structure, the
adjacent structure shall conform to the requirements for Risk Category IV structures. Where operational
access is less than 10 ft. from an interior lot line or another structure on the same lot, protection from
potential falling debris from adjacent structures shall be provided by the owner of the Risk Category IV
structure.

11.6 SEISMIC DESIGN CATEGORY

Structures shall be assigned a Seismic Design Category in accordance with this section.

Risk Category I, II, or 111 structures located where the mapped spectral response acceleration parameter
at 1-s period, Si, is greater than or equal to 0.75 shall be assigned to Seismic Design Category E. Risk
Category IV structures located where the mapped spectral response acceleration parameter at 1-s period,
Sy, is greater than or equal to 0.75 shall be assigned to Seismic Design Category F. All other structures shall
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be assigned to a seismic design category based on their risk category and the design spectral response
acceleration parameters, Sps and Spi, determined in accordance with Section 11.4.4. Each building and
structure shall be assigned to the more severe seismic design category in accordance with Table 11.6-1 or
11.6-2, irrespective of the fundamental period of vibration of the structure, T.

Where S; is less than 0.75, the seismic design category is permitted to be determined from Table 11.6-
1 alone where all of the following apply:

1. Ineach of the two orthogonal directions, the approximate fundamental period of the structure, T,
determined in accordance with Section 12.8.2.1 is less than 0.8Ts, where Ts is determined in
accordance with Section 11.4.5.

Table 11.6-1 Seismic Design Category Based on Short Period Response Acceleration

Parameter
Value of Sps Risk Category - 1 or Il or 111 Risk Category - IV
Sps< 0.167 A A
0.167 < Sps < 0.33 B C
0.33 < Sps < 0.50 C D
0.50 < Sps D D
Table 11.6-2 Seismic Design Category Based on 1-S Period Response Acceleration
Parameter
Value of Sp1 Risk Category - L or Il or 111 Risk Category - IV
Sps < 0.067 A A
0.067 < Sp1 < 0.133 B C
0.133 < Sp; < 0.20 C D
0.20 < Sp; D D

2. Ineach of two orthogonal directions, the fundamental period of the structure used to calculate the

story drift is less than Ts,

Eq. 12.8-2 is used to determine the seismic response coefficient Cs.

4. The diaphragms are rigid as defined in Section 12.3.1 or for diaphragms that are flexible, the
distance between vertical elements of the seismic force-resisting system does not exceed 40 ft.

w

Where the alternate simplified design procedure of Section 12.14 is used, the seismic design category
is permitted to be determined from Table 11.6-1 alone, using the value of Sps determined in Section
12.14.8.1.

SECTION 11.8.3
Replace Section 11.8.3, Item 2. with the following:

11.8.3 Additional Geotechnical Investigation Report Requirements for Seismic Design
Categories D through F

2. The potential for liquefaction and soil strength loss evaluated for site peak ground acceleration,
earthquake magnitude, and source characteristics consistent with the MCEg peak ground
acceleration. Peak ground acceleration shall be determined based on either (1) a site-specific study
taking into account soil amplification effects as specified in Section 11.4.7 or (2) the peak ground
acceleration PGAw, from Eq. 11.8-1.

PGAwm = Fpca PGA (Eqg. 11.8-1)
where
PGAMm = MCEg peak ground acceleration adjusted for Site Class effects
PGA = Mapped MCEg peak ground acceleration shown in Figs. 22-6 through 22-10
Frca = Site coefficient from Table 11.8-1
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Where the soil properties are not known in sufficient detail to determine the site class, Site Class D and
Fpea > 1.2 shall be used unless the authority having jurisdiction or geotechnical data determines Site Class
E or F soils are present at the site.

Table 11.8-1 Site Coefficient Fpga

Mapped Maximum Considered Geometric Mean (MCEg) Peak Ground Acceleration, PGA

Site Class PGA<0.1 PGA =02 PGA =03 PGA =04 PGA =05 PGA > 0.6
A 0.8 0.8 0.8 0.8 0.8 0.8
B 0.9 0.9 0.9 0.9 0.9 0.9
[ 1.3 1.2 1.2 1.2 1.2 1.2
D 1.6 1.4 1.3 1.2 1.1 1.1
E 2.4 1.9 1.6 1.4 1.2 1.1
F See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7 | See Section 11.4.7

Note: Use straight-line interpolation for intermediate values of PGA.
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CHAPTER 12, SEISMIC DESIGN REQUIREMENTS FOR BUILDING
STRUCTURES

(Modifications)

SECTION 12.1.5
Replace Section 12.1.5 with the following:

12.1.5 Foundation Design

The foundation shall be designed to resist the forces developed and accommodate the movements imparted
to the structure by the design ground motions. The dynamic nature of the forces, the expected ground
motion, the design basis for strength and energy dissipation capacity of the structure, and the dynamic
properties of the soil shall be included in the determination of the foundations design criteria. The design
and construction of foundations shall comply with Section 12.13.

When calculating load combinations using either the load combinations specified in Sections 2.3 or 2.4,
the weights of foundations shall be considered dead loads in accordance with Section 3.1.2. The dead loads
are permitted to include overlying fill and paving materials.

SECTION 12.2
Replace Section 12.2 with the following:

12.2 STRUCTURAL SYSTEM SELECTION

12.2.1 Selection and Limitations

Except as noted in Section 12.2.1.1, the basic lateral and vertical seismic force-resisting system shall
conform to one of the systems indicated in Table 12.2-1 or a combination of systems as permitted in
Sections 12.2.2, 12.2.3, and 12.2.4. Each system is subdivided by the types of vertical elements used to
resist lateral seismic forces. The structural systems used shall be in accordance with the structural system
limitations and the limits on structural height, h,, contained in Table 12.2-1. The appropriate response
modification coefficient, R, overstrength factor, Qo, and deflection amplification factor, Cq, indicated in
Table 12.2-1 shall be used in determining the base shear, element design forces, and design story drift.

Each selected seismic force-resisting system shall be designed and detailed in accordance with the
specific requirements for the system as set forth in the applicable reference document listed in Table 12.2-
1 and the additional requirements set forth in Chapter 14.

Nothing contained in this Section shall prohibit the use of alternative procedures for the design of
individual structures that demonstrate acceptable performance in accordance with the requirements of
Section 1.3.1.3 of this Standard.

12.2.1.1 Alternative Seismic Force-Resisting Systems

Use of seismic force-resisting systems not contained in Table 12.2-1 shall be permitted contingent on
submittal to and approval by the authority having jurisdiction of an accompanying set of design criteria,
substantiating analytical and test data and the results of an independent design review. The design criteria
shall include the following: any limitations on system use, including Seismic Design Category and height;
required procedures for designing the system’s members and connections; required detailing; and the values
of the seismic design parameters including: the response modification coefficient, R, overstrength factor,
0o, and deflection amplification factor, Cq. The submitted data shall establish the system’s nonlinear
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dynamic characteristics and demonstrate that the design criteria results in a probability of collapse
conditioned on the occurrence of MCEg shaking not greater than 10% for Risk Category Il structures. The
conditional probability of collapse shall be determined for a suite of archetypes representing the range of
structural configurations to which the system is applicable based on nonlinear analytical evaluation of the
system and shall account for sources of uncertainty in quality of the design criteria, modeling fidelity,
laboratory test data and ground motions. The testing, analysis, and resulting design criteria shall be subject
to an independent structural design review, which shall conform to the criteria of Section 16.5 and shall
include not less than 3 individual reviewers.

12.2.1.2 Substitute Elements

Elements of seismic force-resisting systems, including members and their connections, shall conform to the
requirements for those systems contained in the Standards referenced in Table 12.2-1. Substitute elements
shall be permitted contingent on submittal to and approval by the authority having jurisdiction of all of the
following:

a. Indepth description of, or reference to published documentation of the equivalency methodology
used to evaluate equivalency of the substitute element for the seismic force resisting system of
interest.

b. Justification of the applicability of the equivalency methodology, including but not limited to,
consideration of the similarity of the forces transferred across the boundary between the substitute
and conforming elements and the balance of the seismic force resisting system, and the similarity
between the substitute and conforming elements on the distribution of forces and displacements
in the balance of the structure.

c. Adesign procedure for the substitute elements, including procedures to determine design strength,
stiffness, detailing, connections, and limitations to applicability and use.

d. Requirements for the manufacturing, installation, testing, inspection and maintenance of the
substitute elements

e. Experimental evidence demonstrating that the hysteretic characteristics of the conforming and
substitute elements are sufficiently similar through deformation levels anticipated in response to
MCEr shaking. The evaluation of experimental evidence shall include assessment of the ratio of
the measured maximum strength; to design strength; the ratio of the measured initial stiffness to
design stiffness; the ultimate deformation capacity; and the cyclic strength and stiffness
deterioration characteristics of the conforming and substitute elements.

Independent structural design review or review by a third party acceptable to the authority having
jurisdiction.
SECTION 12.3.1.3
Replace Section 12.3.1.3 with the following:

12.3.1.3 Calculated Flexible Diaphragm Condition

Diaphragms not satisfying the conditions of Sections 12.3.1.1 or 12.3.1.2 are permitted to be idealized as
flexible provided:

6MDD > 2
AADVE

(12.3-1)

where 5 and , _ _areasshown inFig. 12.3-1.
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Replace Figure 12.3-1 with the following:
Drift A pye

Equivalent tributary

lateral load
\' /'/r/
e
7
e

e

FIGURE 12.3-1 Flexible Diaphragm

SECTION 12.4.2.2
Replace Section 12.4.2.2 with the following:

12.4.2.2 Vertical Seismic Load Effect
The vertical seismic load effect, E,, shall be determined in accordance with Eq. 12.4-4 as follows:
Ev=0.2SpsD (12.4-4)
where
Sps = design spectral response acceleration parameter at short periods obtained from Section 11.4.4
D = effect of dead load

EXCEPTION: The vertical seismic load effect, Ey, is permitted to be taken as zero for either of the
following conditions:

3. InEgs. 12.4-1, 12.4-2, 12.4-5, and 12.4-6 for structures assigned to Seismic Design Category B.
4. In Eqg. 12.4-2 where determining demands on the soil-structure interface of foundations.

Replace Table 12.6-1 with the following:
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Table 12.6-1 Permitted Analytical Procedures

Seismic Equivalent Lateral I\A/Irtl);alsgezggtr}(sislpze;t;unng Seismic Response
Design Structural Characteristics Force_AnaIysis, Mogal I’Qesponse H'ist’ory History Procedures,
Category Section 12.8 Analysis, Section 12,107 Chapter 16
B,C All structures P P P
Risk Category | or Il buildings not exceeding 2 stories above
D,EF gory & & P P P
the base
D,EF Structures of light frame construction P P P
Structures with no structural irregularities and not
D,EF ! ’ & P P P
exceeding 160 ft. in structural height
Structures exceeding 160 ft. in structural height with no
D,EF ) P . P P P
structural irregularities and with T < 3.5Ts
Structures not exceeding 160 ft. in structural height and
DEF having only horizontal irregularities of Type 2, 3, 4, or 5 in p p p
T Table 12.3-1 or vertical irregularities of Type 4, 5a, or 5b in
Table 12.3-2
D,E, F All other structures NP P P

ap: Permitted; NP: Not Permitted; Ts = Sp1/Sps.

SECTION 12.8.1.3
Replace Section 12.8.1.3 with the following:

12.8.1.3 Maximum Sps Value in Determination of Cs and Ey

The value of Cs and Ey are permitted to be calculated using a value of Sps equal to 1.0, but not less than
70% of Sps as defined in Section 11.4.4 for structures that meet all of the following criteria:

1. None of the irregularities defined in Section 12.3.2 apply.

2. Not exceeding five stories above the base as defined in Section 11.2.

3. Having a fundamental period, T, determined using Section 12.8.2, not exceeding 0.5 s.

4. Meeting the requirements necessary for the redundancy factor, p, to be permitted to be taken as
1.0 per Section 12.3.4.2.

5. Not be located where the site soil properties are classified as Site Class E or F as defined in Section
11.4.2.

6. Classified as Risk Category I or 11 as defined in Section 1.5.1.

SECTION 12.8.4.2
Replace Section 12.8.4.2 with the following:

12.8.4.2 Accidental Torsion

Where diaphragms are not flexible, the design shall include the inherent torsional moment (Mt) resulting
from the location of the structure masses plus the accidental torsional moments (Mta) caused by assumed

displacement of the center of mass each way from its actual location by a distance equal to 5 percent of the
dimension of the structure perpendicular to the direction of the applied forces.

Where earthquake forces are applied concurrently in two orthogonal directions, the required 5 percent
displacement of the center of mass need not be applied in both of the orthogonal directions at the same time,
but shall be applied in the direction that produces the greater effect. The accidental torsional moment shall
also be included in the determination of possible horizontal structural irregularities in Table 12.3-1.

EXCEPTION: For structures assigned to Seismic Design Category B, the accidental torsional
moments (Mta) need not be included in design of buildings that do not have a Type 1b horizontal structural
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irregularity. For structures assigned to Seismic Design Category C, D, E, or F, the accidental torsional
moments (Mta) need not be included in design of buildings that do not have a Type 1a or 1b horizontal

structural irregularity.

SECTION 12.9
Revise Section 12.9 titles and numbering as follows:
12.9 Modal Response Spectrum Analysis and Linear Response History
Analysis 12.9.1 Modal Response Spectrum Analysis
12.9.1.1 Number of Modes
12.9.1.2 Modal Response Parameters
12.9.1.3 Combined Response Parameters
12.9.1.4 Scaling Design Values of Combined Response
12.9.1.4.1 Scaling of Forces
12.9.1.4.2 Scaling of Drifts
12.9.1.5 Horizontal Shear Distribution
12.9.1.6 P-Delta Effects
12.9.1.7 Soil Structure Interaction Reduction
The Section 12.9 titles and numbering in ASCE 7-10 affected by the above revision are listed below:
12.9 Modal Response Spectrum Analysis
12.9.1 Number of Modes
12.9.2 Modal Response Parameters
12.9.3 Combined Response Parameters
12.9.4 Scaling Design Values of Combined Response
12.9.4.1 Scaling of Forces
12.9.4.2 Scaling of Drifts
12.9.5 Horizontal Shear Distribution
12.9.6 P-Delta Effects
12.9.7 Soil Structure Interaction Reduction

SECTION 12.9.1.1
Replace Section 12.9.1.1 with the following:

12.9.1.1 Number of Modes

An analysis shall be conducted to determine the modes of vibration for the structure. The analysis shall
include sufficient modes to capture participation of 100% of the structures mass. For this purpose, it shall
be permitted to represent all modes with periods less than 0.05 seconds in a single rigid body mode having
a period of 0.05 seconds.
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EXCEPTION: Alternatively, the analysis shall be permitted to include a sufficient number of modes
to obtain a combined modal mass participating of at least 90 percent of the actual mass in each orthogonal
horizontal direction of response considered in the model.

SECTION 12.9.1.4

Replace Section 12.9.1.4 with the following:

129.14 Scaling Design Values of Combined Response.

A base shear (V) shall be calculated in each of the two orthogonal horizontal directions using the calculated
fundamental period of the structure T in each direction and the procedures of Section 12.8.

129.14.1 Scaling of Forces

Where the calculated fundamental period exceeds CyTa in a given direction, CyTa shall be used in lieu of T
in that direction. Where the combined response for the modal base shear (V:) is less than 100 percent of the
calculated base shear (V) using the equivalent lateral force procedure, the forces shall be multiplied by
V/Vt:

where
V = the equivalent lateral force procedure base shear, calculated in accordance with this section
and Section 12.8
Vi = the base shear from the required modal combination

12.9.1.4.2 Scaling of Drifts

Where the combined response for the modal base shear (V) is less than C;W, and where Cs is determined
in accordance with Eq. 12.8-6, drifts shall be multiplied by C\W/V..

SECTION 12.9.1.8

Add Section 12.9.1.8:

12.9.1.8 Structural Modeling

A mathematical model of the structure shall be constructed in accordance with Section 12.7.3, except that
all structures designed in accordance with this Section shall be analyzed using a 3-D representation. Where
the diaphragms have not been classified as rigid in accordance with Section 12.3.1, the model shall include
representation of the diaphragm’s stiffness characteristics and additional dynamic degrees of freedom as
required to account for the participation of the diaphragm in the structure’s dynamic response.

SECTION 12.9.2
Add Section 12.9.2:

129.2 Linear Response History Analysis

12.9.2.1 General Requirements

Response history analysis shall consist of an analysis of a linear mathematical model of the structure to
determine its response through methods of numerical integration, to suites of spectrally matched
acceleration histories compatible with the design response spectrum for the site. The analysis shall be
performed in accordance with the requirements of this section.
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12.9.2.2 General Modeling Requirements

Three-dimensional models of the structure shall be required. Modeling the distribution of stiffness and
mass throughout the structure's lateral load resisting system and diaphragms shall be in accordance with
Section 12.7.3.

12.9.2.2.1 P-Delta Effects

The mathematical model shall include P-Delta effects. Limits on the story stability coefficient (6) shall be
satisfied in accordance with Section 12.8.7.

12.9.2.2.2 Accidental Torsion

Accidental torsion shall be included by offsetting the center of mass each way (i.e. plus or minus) from its
expected location by a distance equal to 5 percent of the horizontal dimension of the structure at the given
floor measured parallel to the direction of mass offset. Amplification of accidental torsion in accordance
with Section 12.8.4.3 is not required.

12.9.2.2.3 Foundation Modeling

Where foundation flexibility is included in the analysis, modeling of the foundation shall be in accordance
with Section 12.13.3.

12.9.2.2.4 Number of Modes to Include in Response History Analysis

The analysis shall include a sufficient number of modes to capture participation of 100% of the structure's
mass. Where modal response history analysis is used it shall be permitted to represent all modes with
periods less than 0.05 seconds in a single rigid body mode having a period of 0.05 seconds.

EXCEPTION: Alternatively, when modal response history analysis is used, it shall be permitted to
include all modes with periods greater than or equal to T ower and less than or equal to Tugper.
12.9.2.25 Damping

Viscous damping shall not exceed 5% critical for any mode with a vibration period greater than or equal to
TLower-

12.9.2.3 Ground Motion Selection and Scaling

Ground acceleration histories used for analysis shall consist three sets of spectral matched orthogonal
components derived from artificial or recorded ground motion events. The target response spectrum for
each spectral matched component of each set shall be developed in accordance with Sections 11.4.5 or 21.3,
as applicable.

12.9.23.1 Procedure for Spectrum Matching

Each component of ground motion from each set shall be spectral matched over the period range 0.8T Lower
to 1.2Tupper. Over the same period range the average of the 5% damped response spectra computed using
the spectrum matched records shall not fall below the target spectrum by more than ten percent in each
direction of response.

12.9.2.4 Application of Ground Acceleration Histories

Two orthogonal directions of response, designated as X and Y, shall be selected and used for all response
history analysis. Ground motions shall be applied independently in the X and Y directions.
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12.9.2.5 Modification of Response for Inelastic Behavior

The linear elastic response histories computed for each ground motion shall be modified for inelastic
response in accordance with the requirements of this section.

12.9.25.1 Determination of Maximum Elastic Base Shear

For each direction of response, a Maximum Elastic Base Shear, designated as Vex and Vey in the X and Y
directions, respectively, shall be determined for each ground motion used in the analysis. The mathematical
model used for computing dynamic base shear shall not include accidental torsion.

12.9.25.2 Determination of Maximum Inelastic Base Shear
For each direction analyzed a Maximum Inelastic Base Shear shall be determined as follows:

y, =Vl (12.9-1)
RX

y, =Vl (12.9-2)
RY

where le is the importance factor and Rx and Ry are the response modifications factors for the X and Y
directions, respectively.

12.9.25.3 Determination of Base Shear Scale Factor

Static base shears, Vx, and Vy, shall be computed in the X and Y directions, respectively, in accordance with
Section 12.8.1. Base Shear Scale Factors in each direction of response shall be computed as follows:

ry
Vix (12.9-3)

(12.9-4)

129.254 Determination of Combined Force Response

For each direction of response and for each ground motion analyzed the Combined Force Response shall
be determined as follows:

a. The Combined Force Response in the X direction shall be determined as le.7x/Rx times the
computed elastic response in the X direction using the mathematical model with accidental torsion,
plus le7p/Ry times the computed elastic response in the Y direction using the mathematical model
without accidental torsion.

b. The Combined Force Response in the Y direction shall be determined as le7p/Rv times the
computed elastic response in the Y direction using the mathematical model with accidental torsion,
plus le7x/Rx times the computed elastic response in the X direction using the mathematical model
without accidental torsion.

12.9.255 Determination of Combined Displacement Response

Response Modification Factors Cax and Cqy shall be assigned in the X and Y directions, respectively. For
each direction of response and for each ground motion analyzed the Combined Displacement Responses
shall be determined as follows:
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a. The Combined Displacement Response in the X direction shall be determined as Cqx/Rx times the
computed elastic response in the X direction using the mathematical model with accidental torsion,
plus Cav/Ry times the computed elastic response in the Y direction using the mathematical model
without accidental torsion.

b. The Combined Displacement Response in the Y direction shall be determined as Cqy/Ry times the
computed elastic response in the Y direction using the mathematical model with accidental torsion,
plus Cax/Rx times the computed elastic response in the X direction using the mathematical model
without accidental torsion.

12.9.2.6 Enveloping of Force Response Quantities

Design force response quantities shall be taken as the envelope of the Combined Force Response quantities
computed in both orthogonal directions and for all ground motions considered. Where force interaction
effects are considered, demand to capacity ratios may be enveloped in lieu of individual force quantities.
12.9.2.7 Enveloping of Displacement Response Quantities

Story drift quantities shall be determined for each ground motion analyzed and in each direction of response
using the Combined Displacement Responses defined in Section 12.9.2.5.5. For the purpose of complying
with the drift limits specified in Section 12.12, the envelope of story drifts computed in both orthogonal
directions and for all ground motions analyzed shall be used.

SECTION 12.10

12.10 DIAPHRAGMS, CHORDS, AND COLLECTORS

Add the following as the 1% Paragraph in Section 12.10:

Diaphragms, chords, and collectors shall be designed in accordance with Sections 12.10.1 and 12.10.2.
EXCEPTIONS:

1. Precast concrete diaphragms including chords and collectors in structures assigned to SDC C, D,
E or F shall be designed in accordance with Section 12.10.3.

2. Precast concrete diaphragms in SDC B, cast-in-place concrete diaphragms, and wood-sheathed
diaphragms supported by wood diaphragm framing are permitted to be designed in accordance
with Section 12.10.3.

SECTION 12.10.1.1

12.10.1.1 Diaphragm Design Forces
Replace Section 12.10.1.1, 4™ (and last) Paragraph with the following:

A transfer diaphragm shall be designed for the force obtained from the lateral load analysis in accordance
with Section 12.8 or 12.9, amplified by Qo for the lateral force-resisting system of the building, added to
the force determined from Eq. 12.10-1 through 12.10-3 for the level of the transfer diaphragm. For transfer
diaphragms in structures assigned to Seismic Design Category B, the Qo multiplier is permitted to be
replaced with 1.0. For structures having horizontal or vertical structural irregularities of the types indicated
in Section 12.3.3.4, the requirements of that section shall also apply.

SECTION 12.10.3
Add Section 12.10.3:
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12.10.3  Alternative Provisions for Diaphragms Including Chords and Collectors

In accordance with Section 12.10, diaphragms including chords and collectors shall be designed using the
provisions in Section 12.10.3.1 through 12.10.3.5 and the following:

1. Delete footnote g to Table 12.2-1.

2. Delete Section 12.3.3.4.

3. Replace Section 12.3.4.1 ltem 5 with the following: “Design of diaphragms including chords,
collectors and their connections to the vertical elements.”

4. Delete Section 12.3.4.1, Iltem 7.

12.10.3.1 Design

Diaphragms including chords, collectors and their connections to the vertical elements shall be designed in
two orthogonal directions to resist the in-plane design seismic forces determined in Section 12.10.3.2.
Collectors shall be provided that are capable of transferring the seismic forces originating in other portions
of the structure to the vertical elements providing the resistance to those forces. Design shall provide for
transfer of forces at diaphragm discontinuities, such as openings and reentrant corners.

12.10.3.2 Seismic Design Forces for Diaphragms including Chords and Collectors

Diaphragms including chords, collectors and their connections to the vertical elements shall be designed to
resist in-plane seismic design forces given by Eq. 12.10-4

C
—_ PX
pr = Wi,
S

(12.10-4)
The force Fpy determined from Eq. 12.10-4 shall not be less than:
Fpx = 0.2Sps le Wpx (12.10-5)

where Cyy is calculated from Cp and Cyn as given in Section 12.10.3.2.1. For structures three stories or more
in height, Cyx is equal to Cpo up to 80 percent of h, above the base and is to be linearly interpolated between
Cpo and Cyn from 80 percent of h, to hy, as illustrated in Figure 12.10-2. For structures up to two stories in
height, Cy is to be linearly interpolated between Cp and Cpn from base to h.

12.10.3.2.1  Design acceleration coefficients Cpo and Cpn
Design acceleration coefficients Cpo and Cp, shall be calculated by Egs. 12.10-6 and 12.10-7:

C, =045 1,
(12.10-6)

and

Cpn = \/(le Q0 Cs )2 + (sz CSZ )2
(12.10-7)

where Q, is the overstrength factor given in Table 12.2-1, C is determined in accordance with Section 12.8
or 12.9, and Cs, shall be the smallest of values calculated from Egs. 12.10-8, 12.10-9 and 12.10-10:

C,=(0.15n+0.25)1, S

(12.10-8)

Cpo = I, Sos (12.10-9)
zz—lesf’l Forn>2 210-10

270.03(n-1) (12.10-10a)
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c,=o Forn=1 (12.10-10b)
The modal contribution factors /'miand I'm2 in Eq. 12.10-7 shall be calculated from Egs. 12.10-11 and
12.10-12:
I, =1+5[1-3j
2\ n
(12.10-11)
and
1 2
r,,=09z (1-n—j
(12.10-12)

where the mode shape factor zs is to be taken as:
0.3 for buildings designed with Buckling Restrained Braced Frame systems defined in Table 12.2-1, or
0.7 for buildings designed with Moment-Resisting Frame systems defined in Table 12.2-1, or

0.85 for buildings designed with Dual Systems defined in Table 12.2-1 with Special or Intermediate
Moment Frames capable of resisting at least 25% of the prescribed seismic forces, or

1.0 for buildings designed with all other seismic force-resisting systems.
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FIGURE 12.10-2 Calculating the Design Acceleration Coefficient Cpx in Buildings with
n £ 2 and in Buildings withn 23

12.10.3.3 Transfer Diaphragms

Transfer diaphragms including chords and collectors shall be designed for the forces obtained from the
lateral load analysis in accordance with Section 12.8 or 12.9, amplified by Qo for the lateral force-resisting
system of the structure, added to the forces determined from Eqgs. 12.10-4 and 12.10-5 for the level of the
transfer diaphragm. For transfer diaphragms in structures assigned to Seismic Design Category B, the Q¢
multiplier is permitted to be replaced with 1.0.

12.10.3.4 Collectors - Seismic Design Categories C through F

In structures assigned to Seismic Design Category C, D, E, or F, collectors and their connections including
connections to vertical elements shall be designed to resist 1.5 times the diaphragm seismic design forces
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from Section 12.10.3.2. Collectors of transfer diaphragms and their connections in structures assigned to
Seismic Design Category C, D, E or F shall be designed to resist 1.5 times the design forces prescribed in
Section 12.10.3.3.

EXCEPTION: In structures or portions thereof braced entirely by light-frame shear walls, collector
elements and their connections including connections to vertical elements need only be designed to resist
the diaphragm seismic design forces without the 1.5 multiplier.

12.10.3.5 Diaphragm Design Force Reduction Factor

The diaphragm design force reduction factor, Rs, shall be determined in accordance with Table 12.10-1.
Where flexure-controlled diaphragms are used, the diaphragms shall be designed such that the factored
shear resistance is greater than the shear corresponding to flexural yielding.

Table 12.10-1 Diaphragm Design Force Reduction Factor, Rs

Diaphragm System Shear-Controlled Flexure-Controlled
Cast-in-place concrete designed in accordance with ACI 318 15 2
Precast concrete designed in accordance with Section 14.2.4 and ACI 318, EDO 0.7 0.7
Precast concrete designed in accordance with Section 14.2.4 and ACI 318, BDO 1.0 1.0
Precast concrete designed in accordance with Section 14.2.4 and ACI 318, RDO 1.4 1.4
Wood sheathed designed in accordance with AF&PA (now AWC) Special Design Provisions for

- N 3.0 NA
Wind and Seismic

SECTION 12.13
Replace the following sections in Section 12.13:

12.13 FOUNDATION DESIGN

12.13.1  Design Basis
The design basis for foundations shall be as set forth in Section 12.1.5.

12.13.2 Materials of Construction

Materials used for the design and construction of foundations shall comply with the requirements of Chapter
14. Design and detailing of steel piles shall comply with Section 14.1.7. Design and detailing of concrete
piles shall comply with Section 14.2.3.

12.13.3 Foundation Load-Deformation Characteristics

Where foundation flexibility is included in analysis conducted in accordance with Chapter 12, the load-
deformation characteristics of the foundation-soil system shall be modeled in accordance with the
requirements of this section. The linear load-deformation behavior of foundations shall be represented by
an equivalent linear stiffness using soil properties that are compatible with the soil strain levels associated
with the design earthquake motion. The strain-compatible shear modulus, G, and the associated strain-
compatible shear wave velocity, vs, needed for the evaluation of equivalent linear stiffness shall be
determined using the criteria in Section 19.3 or based on a site-specific study. A 50 percent increase and
decrease in stiffness shall be incorporated in dynamic analysis unless smaller variations can be justified
based on field measurements of dynamic soil properties or direct measurements of dynamic foundation
stiffness. The largest values of response shall be used in design.

12.13.4  Reduction of Foundation Overturning

Overturning effects at the soil-foundation interface are permitted to be reduced by 25 percent for
foundations of structures that satisfy both of the following conditions:
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a. The structure is designed in accordance with the Equivalent Lateral Force Analysis as set forth in
Section 12.8.
b. The structure is not an inverted pendulum or cantilevered column type structure.

Overturning effects at the soil-foundation interface are permitted to be reduced by 10 percent for
foundations of structures designed in accordance with the modal analysis requirements of Section 12.9.

SECTION 12.13.5
Add section 12.13.5:

12.13.5 Strength Design for Nominal Foundation Geotechnical Capacity

Where basic combinations for strength design listed in Section 12.4 are used, the following sections shall
apply for determination of the applicable nominal strengths and resistance factors at the soil-foundation
interface.

12.135.1 Nominal Strength

The nominal foundation geotechnical capacity, Qns, shall be determined by a registered design professional
based on site specific geotechnical investigations that include field exploration and laboratory testing to
determine soil classification and soil strength parameters, or in-situ testing of prototype foundations. For
competent soils that do not undergo strength degradation under seismic loading, strength parameters
associated with static loading conditions shall be used to compute nominal foundation geotechnical
capacities for seismic design unless increased seismic strength parameters derived from geotechnical
investigations are provided by a registered design professional. For sensitive cohesive soils or saturated
cohesionless soils, the potential for earthquake induced strength degradation shall be considered. Nominal
foundation geotechnical capacities for vertical, lateral, and rocking loading shall be determined using
accepted foundation design procedures and principles of plastic analysis, and shall be best-estimate values
using soil properties that are representative average values for individual foundations.

Total resistance to lateral loads is permitted to be determined by taking the sum of the values derived
from lateral bearing pressure plus horizontal sliding resistance (from either friction or cohesion).

1. Horizontal friction sliding resistance shall be limited to sand, silty sand, clayey sand, silty gravel
and clayey gravel soils (SW, SP, SM, SC, GM and GC). Horizontal friction resistance shall be
calculated as the most unfavorable dead load factor multiplied by dead load and multiplied by a
coefficient of friction.

2. Horizontal cohesion sliding resistance shall be limited to clay, sandy clay, clayey silt, silt and
sandy silt (CL, ML, MH and CH). Horizontal cohesion resistance shall be calculated as the contact
area multiplied by the cohesion.

Where presumptive load bearing values for supporting soils are permitted to be used to determine
nominal soil strengths, mud, organic silt, organic clays, peat or unprepared fill shall not be assumed to have
a presumptive load capacity, unless data to substantiate the use of strength values is submitted to and
approved by the Authority Having Jurisdiction.

12.13.5.2 Resistance Factors

The resistance factors prescribed in this section shall be used for vertical, lateral, and rocking resistance of
all foundation types. Nominal foundation geotechnical capacities, Qns, shall be multiplied by the resistance
factors (¢) in Table 12.13-1 to reflect uncertainties in site conditions and in the reliability of analysis
methods.
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Table 12.13-1 Resistance Factors for Strength Design of Soil-Foundation Interface

Direction and Type of Resistance Resistance Factors, ¢
Vertical Resistance: Compression (Bearing) Strength 0.45
Vertical Resistance: Pile Friction (either upward or downwards) 0.45
Horizontal Resistance: Lateral Bearing Pressure 0.5
Horizontal Resistance: Sliding (by either Friction or Cohesion) 0.85

12.13.5.3 Acceptance Criteria

For linear seismic analysis procedures in accordance with Sections 12.8, 12.9, and 16.1, factored loads shall
not exceed foundation design strengths, ¢ Qns.

SECTION 12.13.5 AND 12.13.6

Revise Section 12.13.5 and 12.13.6 titles and numbering as follows:

12.13.6 5 Requirements for Structures Assigned to Seismic Design Category C
(Remaining parts of this Section are renumbered)

12.13.7 6 Requirements for Structures Assigned to Seismic Design Category D through F
(Remaining parts of this Section are renumbered)

SECTION 12.13.8
Add Section 12.13.8:

12.13.8 Requirements for Structure Foundations on Liquefiable Sites

Where the geotechnical investigation report required in Section 11.8 identifies the potential for soil strength
loss due to liquefaction in MCEg earthquake motions, structures shall be designed to accommodate the
effects of liquefaction in accordance with the requirements of Sections 12.13.8.1 through 12.13.8.3. Such
structures shall also be designed to resist the seismic load effects of Section 12.4, presuming liquefaction
does not occur.

EXCEPTION: Structures need not be designed for liquefaction effects where the geotechnical
investigation report indicates that there is negligible risk of lateral spreading, no bearing capacity loss and
differential settlements of site soils or improved site soils do not exceed ¥ of the permissible limits of Table
12.13-3.

Where the geotechnical investigation report indicates the potential for lateral flow or flow failure, the
provisions of Section 12.13.8 are not applicable.

12.13.8.1 Foundation Design

Foundations shall be designed to support gravity and Design Earthquake loads, as indicated in the load
combinations of Section 12.4, using the reduced soil bearing capacity, as indicated in the geotechnical
investigation report, considering the effects of liquefaction due to MCEg earthquake motions. The
foundation capacity shall be permitted to include the mitigating effects of any planned ground
improvements for the site.

12.13.8.2 Shallow Foundations

Building structures shall be permitted to be supported on shallow foundations provided that the foundations
are detailed in accordance with Section 12.13.8.2.1 and the conditions provided in items ‘a’ and ‘b’ of
Section 12.13.8.2 are met.
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Nonbuilding structures similar to buildings shall be permitted to be supported on shallow foundations
provided that the foundations are detailed in accordance with Section 12.13.8.2.1 and the conditions
provided in items ‘a’ and ‘b’ of Section 12.13.8.2 are met. Nonbuilding structures not similar to buildings
shall be permitted to be supported on shallow foundations at liquefiable sites only if it can be demonstrated
that the structure’s foundation, superstructure and connecting systems can be designed to accommodate the
lateral spreading and differential settlements induced by MCEg earthquake ground motions indicated in the
geotechnical investigation report.

a. The geotechnical investigation report indicates that permanent horizontal ground displacement
induced by lateral spreading associated with MCEg earthquake motions will not exceed the value
in Table 12.13-2.

b. The foundation and superstructure are designed to accommodate differential settlements due to
liquefaction without loss of the ability to support gravity loads. For structures assigned to Risk
Category Il or 11, residual strength of members and connections shall not be less than 67 percent
of the nominal strength, considering the nonlinear behavior of the structure. For structures
assigned to Risk Category IV, demands on members and connections shall not exceed the
element’s nominal strength when subjected to differential settlements.

Table 12.13-2 Lateral Spreading Horizontal Ground Displacement Permissible Limit for
Shallow Foundations
Risk Category Il

Risk Category | Risk Category 111 Risk Category IV

18in. 18in. 12in. 4in.

EXCEPTION: Where the geotechnical investigation report indicates that the differential settlements
do not exceed the limits specified in Table 12.13.3, explicit design beyond the detailing requirements of
Section 12.13.8.2.1 to accommaodate differential settlements is not required.

Table 12.13-3 Differential Settlement Permissible Limit for Shallow Foundations
Depending on Structure Type, 8,/L2

Structure Type Risk Category | Risk Category Il Risk Category 111 Risk Category IV
Single-story concrete or masonry wall systems. 0.0075 0.0075 0.005 0.002
Other single-story structures. 0.015 0.015 0.010 0.002
Multi-story structures with concrete or masonry wall systems. 0.005 0.005 0.003 0.002
Other multi-story structures. 0.010 0.010 0.006 0.002

Note: 23, is the differential settlement between two points, as indicated in the geotechnical report
Note: L is the horizontal distance between the indicated two points

12.13.8.2.1

Shallow foundations shall satisfy the design and detailing requirements of Sections 12.13.8.2.1.1 or
12.13.8.2.1.2 as required.

12.13.8.2.1.1 Foundation Ties

Individual footings shall be interconnected by ties in accordance with Section 12.13.7.2 and the additional
requirements of this Section. The ties shall be designed to accommodate the differential settlements between
adjacent footings. Reinforced concrete sections shall be detailed in accordance with Sections 21.5.2.1 and
21.5.3 of ACI 318-11. Where the geotechnical investigation report indicates permanent ground
displacement induced by lateral spreading exceeding 3 inches will occur in MCEg earthquake motions, both
of the following requirements shall be met:

Shallow Foundation Detailing

1. Ties between individual footings on the same column or wall line shall, in lieu of the force
requirements of Section 12.13.7.2, have a design strength in tension and compression at least equal
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to Fie, as indicated in Eq. 12.13-1. These effects shall be combined with the load effects from
Design Earthquake lateral loads.

Fiie = 0.5uP, (12.13-1)
where
Fie = the design tie force
u = the coefficient of friction between the bottom of the footing and the soil, as indicated in the
geotechnical report, or taken as 0.5 in the absence of other information
P, = the total of the supported gravity loads of all footings along the same column or wall line,

determined in accordance with Load Combination 5 in Section 2.3.2

2. Individual footings shall be integral with or connected to a reinforced concrete slab-on-grade, at
least 5 inches thick and reinforced in each horizontal direction with a minimum reinforcing ratio
of 0.0025, or a post-tensioned concrete slab-on-grade, designed according to PTI DC10.1.

EXCEPTION: A system of diagonal reinforced concrete ties may be employed, if the system of ties
provides equivalent lateral shear strength and stiffness to a slab-on-grade as defined above.

12.13.8.2.1.2 Mat Foundations

Mat foundations shall be designed to accommodate the expected vertical differential settlements indicated
in the geotechnical investigation report. Mat foundations shall have longitudinal reinforcement in both
directions top and bottom. Mat foundations shall be detailed in accordance with the requirements of Section
21.5.2.1 of ACI 318-11, or shall be explicitly designed to accommodate the differential settlements.

12.13.8.3 Deep Foundations

Deep foundations shall be designed to support vertical loads as indicated in the load combinations of Section
12.4, in combination with the moments and shears caused by lateral deep foundation deformation that is
due to lateral inertial loads. Axial deep foundation capacity and lateral soil resistance shall be reduced to
account for the effects of liquefaction. Deep foundations shall satisfy the design and detailing requirements
of Sections 12.13.8.3.1 through Section 12.13.8.3.5.

12.13.8.3.1 Downdrag

Design of piles shall incorporate the effects of downdrag due to liquefaction. For geotechnical design, the
liquefaction induced downdrag shall be determined as the downward skin friction on the pile within and
above the liquefied zone(s). The net geotechnical ultimate capacity of the pile shall be the ultimate
geotechnical capacity of the pile reduced by the downdrag load. For structural design, downdrag load
induced by liquefaction shall be treated as a seismic load and factored accordingly.

12.13.8.3.2 Lateral Resistance

Passive pressure and friction mobilized against walls, pile caps and grade beams, when reduced for the
effects of liquefaction, shall be permitted to transfer lateral inertial loads in combination with piles.
Resistance provided by the combination of piles, passive pressure and friction shall be determined based
on compatible lateral deformations.

12.13.8.3.3  Concrete Deep Foundation Detailing

Concrete piles including cast-in-place and precast piles shall be detailed to comply with Sections 21.6.4.2
through 21.6.4.4 of ACI 318-11 from the top of the pile to a depth exceeding that of the deepest liquefiable
soil by at least 7 times the pile diameter.
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12.13.8.3.4  Lateral Spreading

Where the geotechnical investigation report indicates permanent ground displacement induced by lateral
spreading will occur in the event of MCEg earthquake motions, pile design shall be based on a detailed
analysis incorporating the expected lateral deformation, the depths over which the deformation is expected
to occur, and the nonlinear behavior of the piles. Where nonlinear behavior of piles occurs due to permanent
ground displacement induced by lateral spreading, the pile deformations shall not exceed a value that results
in loss of the pile’s ability to carry gravity loads or in deterioration of the pile’s lateral strength to less than
67 percent of the nominal strength. In addition, the following requirements shall be satisfied.

1. Structural steel H-piles shall satisfy the width-thickness limits for highly ductile H-piles members
in AISC 341.

2. Unfilled structural steel pipe piles shall satisfy the width-thickness limits for highly ductile round
HSS elements in AISC 341.

3. Concrete piles shall be detailed to comply with Sections 21.6.4.2 through 21.6.4.4 of ACI 318-11
from the top of the pile to a depth exceeding that of the deepest liquefiable soil by at least 7 times
the pile diameter. Nominal shear strength shall exceed the maximum forces that can be generated
due to pile deformations determined in the detailed analysis.

12.13.8.3.5 Foundation Ties

Individual pile caps shall be interconnected by ties in accordance with Section 12.13.6.2. Where the
geotechnical investigation report indicates permanent ground displacement induced by lateral spreading,
the design forces for ties shall include the additional pressures applied to foundation elements due to the
lateral displacement in accordance with the recommendations of the geotechnical investigation report.
These effects shall be combined with the load effects from Design Earthquake lateral loads.

SECTION 12.14.1.1
Replace Section 12.14.1.1 with the following:

12.14.1.1 Simplified Design Procedure

The procedures of this section are permitted to be used in lieu of other analytical procedures in Chapter 12
for the analysis and design of simple buildings with bearing wall or building frame systems, subject to all
of the limitations listed in this section. Where these procedures are used, the seismic design category shall
be determined from Table 11.6-1 using the value of Sps from Section 12.14.8.1. The simplified design
procedure is permitted to be used if the following limitations are met:

1. The structure shall qualify for Risk Category I or 1l in accordance with Table 1.5-1.

2. The site class, defined in Chapter 20, shall not be class E or F.

3. The structure shall not exceed three stories above grade plane.

4. The seismic force-resisting system shall be either a bearing wall system or building frame system,

as indicated in Table 12.14-1.

The structure shall have at least two lines of lateral resistance in each of two major axis directions.

The center of weight in each story shall be located not further from the geometric centroid of the

diaphragm than 10% of the length of the diaphragm parallel to the eccentricity.

7. For structures with cast-in-place concrete diaphragms, overhangs beyond the outside line of shear
walls or braced frames shall satisfy the following:

a< ds3 (12.14-1)

oo

where

a = the distance perpendicular to the forces being considered from the extreme edge of the
diaphragm to the line of vertical resistance closest to that edge
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d = the depth of the diaphragm parallel to the forces being considered at the line of vertical
resistance closest to the edge

For all other diaphragm overhangs beyond the outside line of shear walls or braced frames shall satisfy
the following:

a< dis (12.14-2)

8. For buildings with a diaphragm that is not flexible, design by 12.14 is permitted if the forces are
apportioned to the vertical elements as if the diaphragm was flexible and the following additional
requirements are satisfied:

a. For structures with two lines of resistance in a given direction, the distance between the two
lines is at least 50% of the length of the diaphragm perpendicular to the lines;

b. For structures with more than two lines of resistance in a given direction, the distance between
the two most extreme lines of resistance in that direction is at least 60% of the length of the
diaphragm perpendicular to the lines;

c. Where two or more lines of resistance are closer together than one-half the horizontal length
of the longer of the walls or braced frames, it shall be permitted to replace those lines by a
single line at the centroid of the group for the initial distribution of forces and the resultant
force to the group shall then be distributed to the members of the group based upon their
relative stiffnesses.

9. Lines of resistance of the seismic force-resisting system shall be oriented at angles of no more
than 15° from alignment with the major orthogonal horizontal axes of the building.

10. The simplified design procedure shall be used for each major orthogonal horizontal axis direction
of the building.

11. System irregularities caused by in-plane or out-of-plane offsets of lateral force-resisting elements
shall not be permitted.

EXCEPTION: Out-of-plane and in-plane offsets of shear walls are permitted in two-story
buildings of light-frame construction provided that the framing supporting the upper wall is designed for
seismic force effects from overturning of the wall amplified by a factor of 2.5.

12. The lateral load resistance of any story shall not be less than 80 percent of the story above.
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CHAPTER 14, MATERIAL SPECIFIC SEISMIC DESIGN AND
DETAILING REQUIREMENTS

(Modifications)

SECTION 14.2.2.1
Replace Section 14.2.2.1 with the following:

14.2.2.1 Definitions
Add the following definitions to Section 2.2

CONNECTION: A region that joins two or more members. For precast concrete diaphragm design, a
connection also refers to an assembly of connectors with the linking parts, welds and anchorage to concrete
which forms a load path across a joint between members, at least one of which is a precast concrete member.

CONNECTOR: fabricated part embedded in concrete for anchorage and intended to provide a load
path across a precast joint.

DETAILED PLAIN CONCRETE STRUCTURAL WALL: A wall complying with the
requirements of Chapter 22 of ACI 318.

ORDINARY PRECAST STRUCTURAL WALL: A precast wall complying with the requirements
of Chapter 18 of ACI 318.

PRECAST CONCRETE DIAPHRAGM DESIGN OPTIONS: (a) Basic Design Option (BDO)
targets elastic diaphragm response in the design earthquake, (b) Elastic Design Option (EDO) targets elastic
diaphragm response in the maximum considered earthquake, and (c) Reduced Design Option (RDO)
permits limited diaphragm vyielding in the design earthquake. These options are implemented in precast
diaphragm design in accordance with Section 14.2.4.

SECTION 14.2.4
Add Section 14.2.4 as follows:

14.2.4 Additional Design and Detailing Requirements for Precast Concrete Diaphragms

In addition to the requirements for reinforced concrete set forth in this standard and Section 21.11 of ACI
318, design, detailing and construction of diaphragms constructed with precast concrete components in
Seismic Design Categories C, D, E, and F shall conform to the requirements of this section.

14.2.4.1 Diaphragm Seismic Demand Levels

A seismic demand level for each precast concrete diaphragm shall be determined in each direction, based
on Seismic Design Category (SDC), number of stories, n, diaphragm span, L, as defined in Section
14.2.4.1.1, and diaphragm aspect ratio, AR, as defined in Section 14.2.4.1.2. For structures assigned to SDC
C, the seismic demand level is low. For structures assigned to SDC D, E or F, the seismic demand level
shall be determined in accordance with Figure 14.2.4-1.
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FIGURE 14.2.4-1 Diaphragm Seismic Demand Level

1. If AR is greater than 2.5 and the diaphragm seismic demand is Low according to Figure 14.2.4-1,
the diaphragm seismic demand level shall be changed from Low to Moderate.
2. If AR is less than 1.5 and the diaphragm seismic demand is High according to Figure 14.2.4-1, the
diaphragm seismic demand level shall be changed from High to Moderate.
142411 Diaphragm Span

Diaphragm span of a structure, L, shall be the maximum diaphragm span on any floor in the structure in
any direction. The diaphragm span in a particular direction on a particular floor level shall be the larger of
the maximum distance between two LFRS elements and twice the exterior distance between the outer LFRS
element and the free diaphragm edge.

14.2.4.1.2 Diaphragm Aspect Ratio

The diaphragm aspect ratio, AR, shall be the diaphragm span-to-depth ratio using the diaphragm span, L,
defined in 14.2.4.1.1. The diaphragm depth shall be the diaphragm dimensions perpendicular to the
diaphragm span between the chord lines for the diaphragm or portion of diaphragm.

142413 Diaphragm Shear Amplification Factor

The required shear strength for diaphragm shall be amplified by the diaphragm shear overstrength factor,
Q,, which shall be taken equal to 1.4R..

14.2.4.2 Diaphragm Design Options

A diaphragm design option, as defined in Section 14.2.2.1, shall be assigned based on the lowest
classification of connector or joint reinforcement deformability used.

14.24.2.1 Elastic Design Option

Any classification of connector or joint reinforcement deformability is permitted to be used with the Elastic
Design Option, which in turn is permitted for:

1. Low Seismic Demand Level
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2. Moderate Seismic Demand Level, provided the diaphragm design force is increased 15%

14.2.3.2.2 Basic Design Option

Either Moderate Deformability Elements (MDE) or High Deformability Elements (HDE) are required to
be used with the Basic Design Option, which is permitted for:

1. Low Seismic Demand Level
2. Moderate Seismic Demand Level
3. High Seismic Demand Level, provided the diaphragm design force is increased 15%

14.2.3.2.3 Reduced Design Option

High Deformability Elements (HDE) are required to be used with the Reduced Design Option, which is
permitted to be used for all Seismic Demand Levels.

14.2.4.3 Diaphragm Connector or Joint Reinforcement Deformability

Precast concrete diaphragm connectors or joint reinforcement shall be classified as follows:

14.243.1 Low Deformability Element (LDE).

Connectors or joint reinforcement used in precast concrete diaphragms with tension deformation capacity,
as defined in Section 14.2.4.4.7, less than 0.3 in. (7.5mm) are classified as low deformability elements.

14.2.4.3.2 Moderate Deformability Element (MDE)

Connectors or joint reinforcement used in precast concrete diaphragms with tension deformation capacity,
as defined in Section 14.2.4.4.7, greater than or equal to 0.3 in. (7.5mm) but less than 0.6 in. (15 mm)
are classified as moderate deformability elements.

14.2.4.3.3 High Deformability Element (HDE)

Connectors or joint reinforcement used in precast concrete diaphragms with tension deformation capacity,
as defined in Section 14.2.4.4.7, greater than or equal to 0.6 in. (15 mm) are classified as high deformability
elements.

14.2.4.3.4 Connector/ Joint Reinforcement Classification

Classification of precast concrete diaphragm reinforcement or connector elements shall be determined by
testing of individual elements following the cyclic testing protocols defined in Section 14.2.4.4.

14.2.4.35 Special Inspection

For precast concrete joint reinforcement or connector classified as a High Deformability Element (HDE),
installation of the embedded parts and completion of the reinforcement or connection in the field shall be
subject to continuous special inspection performed by qualified inspectors under the supervision of a
licensed design professional.

14.2.4.4 Precast Concrete Diaphragm Connector and Joint Reinforcement
Qualification Procedure

Precast concrete diaphragm connectors and joint reinforcement shall be assigned to a deformability
classification based on tests as required by 14.2.4.3.4. The testing shall establish the strength, stiffness, and
deformation capacity of the element. As a minimum, in-plane shear tests and in-plane tension tests shall be
conducted. The following procedure is deemed to satisfy the test requirements.
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14.2.4.4.1 Test Modules

A test module shall consist of two concrete elements connected by joint reinforcement or a connector or
connectors. A separate full scale test module and a minimum number of tests shall be used for each
characteristic of interest. Modules shall be fabricated at full scale. Test modules shall include a minimum
edge distance of 2 ft. (0.6 m) from each connector centerline. Additional reinforcement shall be used to
prevent premature failure of the test module. The additional reinforcement shall not be placed in a way that
would alter the performance of the connector. The geometry, reinforcing details, fabrication procedures and
material properties of the connections and connected concrete elements shall be representative of those to
be used in the prototype structure.

14.2.4.4.2 Number of Tests

Evaluation of test results shall be made on the basis of the values obtained from not less than 3 tests,
provided that the deviation of any value obtained from any single test does not vary from the average value
for all tests by more than 15%. If such deviation from the average value for any test exceeds 15%, then
additional tests shall be performed until the deviation of any test from the average value does not exceed
15% or a minimum of 6 tests has been performed. No test shall be eliminated unless a rationale for its
exclusion is given.

142443 Test Configuration

For each connection test, a multi-directional test fixture shall be used to allow for the simultaneous control
of shear, axial, and potential bending deformations at the test module joint. Demand shall be applied through
displacement control of up to three actuators. The test module shall be connected to restraint beams along
each edge parallel to the joint; slip between the test module and beams shall be minimized. One support
beam shall be fastened to the laboratory floor, providing a fixed edge, while the other beam shall rest on a
low-friction movable support. Vertical movement of the panel shall be restricted.

14.2.4.4.4 Instrumentation

At a minimum, instrumentation shall consist of displacement and force transducers. Force shall be
measured in line with each actuator to quantify shear and axial demands on the connection. To accommodate
displacement control of the actuators, feedback transducers shall be incorporated into each actuator.
Connection deformation shall be measured directly on the test module. A minimum of two axial
transducers shall be used to determine the average axial opening and closing at the connection. Shear
deformation shall be determined from measurements taken at the location of the connection. Transducer
supports shall be placed on the test module at adequate distances from the connection, to minimize damage
to the transducer supports during the test.

142445 Loading Protocols
Connections shall be loaded in in-plane shear and tension In accordance with the following:

1. Monotonic and cyclic tests shall be conducted under displacement control, using rates less than
0.05 in./sec (1.25 mm/sec). Each module shall be tested until its strength decreases to 15% of the
maximum load.

2. A monotonic test shall be performed to determine the reference deformation, as defined in Section
14.2.4.4.6 Item 2, of the connector or reinforcement, if a reference deformation is not available. The
test module shall be loaded under a monotonically increasing displacement until its strength
decreases to 15% of the maximum load.

3. In-plane cyclic shear tests, with a constant 0.1 in. (2.5 mm) axial opening, shall be conducted to
determine stiffness, strength and deformation under shear loading. The test module shall be subject
to increasing shear displacement amplitudes. Three fully reversed cycles shall be applied at each
displacement amplitude. Starting from zero displacement, there shall be four increments of
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displacement amplitude equal to one-quarter of the reference displacement. This shall be followed
by two increments, each equal to one-half the reference displacement. Then there shall be two more
increments, each equal to the reference displacement. This shall be followed by increments equal
to twice the reference displacement, until the strength decreases to 15% of the maximum load.

4. In-plane cyclic tension/compression tests shall be conducted to determine stiffness, strength and
deformation. Starting from zero displacement, there shall be four increments of tension
displacement amplitudes equal to one-quarter of the reference displacement. This shall be followed
by two increments, each equal to one-half the reference displacement. Then there shall be two more
increments, each equal to the reference displacement. This shall be followed by increments equal
to twice the reference displacement, until the tensile strength decreases to 15% of the maximum
load. There shall be three cycles of loading at each displacement amplitude. The compression
portion of each cycle shall be force-limited. Each compression half cycle shall consist of an
increasing compressive deformation until a force limitis reached. The force limit for each cycle
shall be equal to the maximum force of the preceding tension half cycle. The shear deformation
along the joint shall not be restrained during a tension/compression test.

142446 Measurement Indices, Test Observations and Acquisition of Data

The applied shear and tension/compression deformations and all resulting forces shall be recorded at least
once every second.

1. Reference Deformation. The reference deformation, 41, corresponding to Point 1, defined in Item
2 below, represents the effective yield deformation of the connector or reinforcement. It shall be
permitted to make an analytical determination of the reference deformation as an alternative to
determination based on monotonic testing.

2. Backbone Qualification Envelope. The measured cyclic response shall be processed in accordance
with the procedure below.

An envelope of the cyclic force deformation response shall be constructed from the force corresponding
to the peak displacement applied during the first cycle of each increment of deformation. The envelope
shall be simplified to a backbone curve consisting of four segments in accordance with Figure 14.2.4-2.

‘Force
2 —— Expenmental
R envelope
R L — Backbone
P ]
] 2a
ks
15%8 B 3
K, -
A, A, A, A, Ay, 4; Displacement

FIGURE 14.2.4-2 Backbone Qualification Curve

Point 2 represents the peak envelope load. Point 'a' is defined as the point on the backbone curve where
the strength first equals 15% of peak load. Initial elastic stiffness, Ke, is calculated as the slope of the secant
of the strength-displacement relationship from origin to Point a". Point 'b" is the point on the envelope curve
at a displacement 4. The displacement 4y is at the intersection of a horizontal line from the peak envelope
load and the initial elastic stiffness line through 15% of the peak load. Point 1 represents the occurrence of
yield, which is defined by drawing a line from Point '2' to 'b' and extending it to intersect the initial elastic
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stiffness line through 15% of the peak load. Point '3" is defined as the point where the strength has decreased
to 15% of the peak load. Point '2a' is defined as the point where the deformation is 50% of the summation
of deformations at Point 2" and '3'.

The backbone curve shall be classified as one of the types indicated in Figure 14.2.4-3. Deformation
controlled elements shall conform to Type 1 or Type 2, but not Type 2 Alternate response, with 4, > 24;.
All other responses shall be classified as force-controlled.
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FIGURE 14.2.4-3 Deformation Curve Types

14.2.44.7 Response Properties

The following performance characteristics of the connector or joint reinforcement shall be quantified from
the backbone response: The effective yield (reference) deformation, the tension deformation capacity, the
tensile strength, and the shear strength shall be the average of values obtained from the number of tests
required by Section 14.2.4.4.2. The tension deformation capacity is defined as corresponding to Point 2, for
deformation controlled connections (see definition in Section 14.2.4.4.6, ltem 2). It is defined as
corresponding to Point 1 for force-controlled connections, except that for force-controlled connections
exhibiting Type 2 Alternate response, tension deformation capacity shall correspond to Point 1",

Deformation Category. The connector or joint reinforcement shall be classified as a Low
Deformability Element (LDE), a Moderate Deformability Element (MDE), or a High Deformability
Element (HDE) based on its deformation capacity in tension. The tension deformation capacity ranges given
in 14.2.4.3 shall be used to determine the deformation category of the connector or reinforcement.

Tensile Strength. The tensile strength of the connector or joint reinforcement is defined as the force
corresponding to Point 1.

Shear Strength. If the shear deformation 4. is less than 0.25 in. (6.4mm), the shear strength shall be
taken as the force at Point 1, If the shear deformation 4; is greater than 0.25 in. (6.4 mm), the shear strength
shall be taken as the force at 0.25 in. of shear deformation. This shear strength is equal to the stiffness, K,
multiplied by 0.25 in.

14.2.4.4.8 Test Report

The test report shall be sufficiently complete and self-contained for a qualified expert to be satisfied that the
tests have been designed and carried out in accordance with the criteria previously described. The test report
shall contain sufficient information for an independent evaluation of the performance of the test module. As
a minimum, all of the following information shall be provided:

o Details of test module design and construction, including engineering drawings.
o Specified material properties used for design, and actual material properties obtained by testing.

42



Part 1, Provisions

Description of test setup, including diagrams and photographs.

Description of instrumentation, location, and purpose.

Description and graphical presentation of applied loading protocol.

Material properties of the concrete measured in accordance with ASTM C39. The average of a

minimum of three tests shall be used. The compression tests shall be conducted within 7 days of

the connection tests or shall be interpolated from compression tests conducted before and after the

connection test series.

o Material properties of the connector, slug, and weld metal based on material testing or mill
certification. Asaminimum, the yield stress, tensile stress, and the ultimate strain shall be reported.

o Description of observed performance, including photographic documentation, of test-module
condition at key deformation cycles.

e Graphical presentation of force versus deformation response.

e The envelope and backbone of the load-deformation response.

e VYield strength, peak strength, yield deformation, tension deformation capacity, and connection
category.

e Test data, report data, name of testing agency, report author(s), supervising professional engineer,

and test sponsor.

14.2.4.4.9 Deformed Bar Reinforcement

Deformed bar reinforcement (ASTM A615 or ASTM A706) placed in cast-in-place concrete topping or
cast-in-place concrete pour strips and satisfying the cover, lap, and development requirements of ACI 318
shall be deemed to qualify as High Deformability Elements (HDE).
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CHAPTER 15, SEISMIC DESIGN REQUIREMENTS FOR NONBUILDING
STRUCTURES

(Modifications)

SECTION 15.4.1
Revise Section 15.4.1 as follows:

1541 Design Basis
[...]

7. The base shear is permitted to be reduced in accordance with Section 19.2 to account for the effects
of foundation damping from soil-structure interaction. In no case shall the reduced base shear be

less than 0.7V.
Delete the following text from Table 15.4-2:

sl c| o] ef ¢

Detailing Requirements® R | (1) Ca

Use values for the appropriate structure type in the
categories for building frame systems and moment
resisting frame systems listed in Table 12.2-1 or
Table 15.4-1.

Nonbuilding Structure Type

Tanks or vessels supported on structural 1555
towers similar to buildings e
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CHAPTER 16, SEISMIC RESPONSE HISTORY PROCEDURES

(Replacement)

16.1 GENERAL REQUIREMENTS

16.1.1 Design

A response-history analysis, consisting of determination of the response of a mathematical model of the
structure to suites of ground motion acceleration histories, shall be performed in accordance with the
requirements and acceptance criteria of this chapter.

The design of the structure shall also meet the strength design requirements of the equivalent lateral
force procedure or modal response spectrum analysis procedure, in accordance with Chapter 12, with the
Chapter 12 requirements modified as follows:

1. For Risk Category I, 11, and 111 structures, the drift limits of Section 12.12.1 do not apply.

2. For Risk Category IV structures, the drift limits shall be 125 percent of the drift limits specified in
Section 12.12.1.

3. The overstrength factor, Qo, is permitted to equal 1.0 for the seismic load effects of Section 12.4.3.

4. The redundancy factor, p, is permitted to equal 1.0.

Design review shall be provided in accordance with Section 16.5.

16.1.2 Documentation

The procedure utilized in the structural design shall be documented. The project-specific design criteria
and other associated project documentation shall include the following:

1. Anticipated structural system and procedure utilized in the structural design.

2. Geotechnical investigation report(s) including soil characteristics (soil shear strength, stiffness, and

damping characteristics), recommended foundation types and design parameters, seismic hazard

evaluation, target spectra, and selection and scaling of ground motions.

Loading on the structure, including gravity loading and seismic loading.

4. Analytical modeling summary including all key assumptions, modeling approach and software,
definition of mass, identification of force-controlled versus deformation-controlled components (in
accordance with Section 16.4.2) and description of which component actions are modeled
elastically and inelastically, expected material properties, basis for hysteretic component modeling
(including assumptions or test data), component initial stiffness assumptions, joint stiffness
assumptions, diaphragm modeling, damping, and soil modeling (if employed).

5. Summaries of laboratory test data and other applicable data used to justify the hysteretic component
modeling or used to justify acceptable structural performance.

6. Specific acceptance criteria values used for evaluating the performance (in accordance with Section
16.4); associated documentation shall also include which component failures are deemed to lead to
global collapse, local collapse, or no collapse (in accordance with Section 16.4.2); documentation
will also include the specific criteria used for components of the gravity system (in accordance with
Section 16.4.2.3).

7. Overall building dynamic behavior including natural frequencies, mode shapes, modal mass
participation, and the period range computed in accordance with Section 16.2.4.1.

8. Key structural response parameter results and comparisons with the acceptance criteria of Section
16.4.

9. Detailing of critical elements.

@
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16.2 GROUND MOTIONS
16.2.1 Level of Ground Motion

The analysis shall be based on the risk-targeted Maximum Considered Earthquake (MCER) ground motion
level determined in accordance with Section 11.4.

16.2.2 Development of the Target Response Spectrum

The target response spectrum, or target response spectra, shall be developed by either Method 1 of Section
16.2.2.1 or Method 2 of Section 16.2.2.2.

16.2.2.1 Method 1

A single target response spectrum shall be developed, based on the requirements of either Section 11.4.6 or
Section 11.4.7.

16.2.2.2 Method 2

Two or more site-specific target response spectra shall be developed and a ground motion suite shall be
developed for each target response spectrum. When this method is used, the following requirements shall
be fulfilled, in addition to the other requirements of this chapter:

1. Two or more periods shall be selected, corresponding to those periods of vibration that significantly
contribute to the inelastic dynamic response of the building. In the selection of periods, lengthening
of the elastic periods of the model shall be considered.

2. Foreachselected period, a target spectrum shall be created that either matches or exceeds the MCEg
value at that period. When developing the target spectrum (1) site-specific disaggregation shall be
performed to identify earthquake events that contributed most to the MCEr ground motion at the
selected period and (2) the target spectrum shall be developed to capture one or more spectral
shapes for dominant magnitude and distance combinations revealed by the disaggregation.

3. The envelope of the target spectra shall not be less than 75% of the spectral values computed using
Method 1 of Section 16.2.2.1, for all periods in the range specified in Section 16.2.4.1.

4. For each target response spectrum, a ground motion suite for response history analyses shall be
developed and utilized in accordance with Sections 16.2.3 through Section 16.2.5. The acceptance
criteria requirements of Section 16.4 shall be fulfilled for each of the ground motion suites.

Variations on the procedures described in this section are permitted to be used when approved by the
design review.

16.2.3 Ground Motions Selection

16.2.3.1 Minimum Number of Ground Motions

Each suite shall be comprised of not less than eleven ground motions.

16.2.3.2 Components of Ground Motion

Ground motions shall consist of pairs of horizontal ground motion components, and, if required, a vertical
ground motion component.

Vertical ground motion shall not be required except in cases where the structure’s configuration makes
it sensitive to failure modes induced by vertical ground motion. In such cases, the ground motions shall
include a vertical ground motion component and the structural model shall be capable of capturing the
responses of elements that are sensitive to vertical ground motion.
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16.2.3.3 Selection of Ground Motions

Ground motions shall be selected from events within the same general tectonic regime and having generally
consistent magnitudes and fault distances as those controlling the maximum considered earthquake level of
ground motion. The ground motion spectral shapes shall also be comparable to the target response spectrum
of Section 16.2.2. Where the required number of recorded ground motions is not available, it shall be
permitted to use appropriately simulated ground motions to make up the total number required.

When the MCEr ground motion level is controlled by events for which near-fault effects are expected,
the site shall be identified as a near-fault site and a suitable number of the ground motions shall include
near-fault and directivity effects including direction of fault rupture and velocity pulses as appropriate.

16.2.4 Ground Motion Scaling

Ground motions shall be scaled based on the requirements of this section. Where vertical ground motion
components are utilized, the vertical component shall be scaled by the same factor as the horizontal ground
motion component(s).

16.2.4.1 Period Range for Scaling

For the purpose of ground motion scaling, a period range shall be determined, corresponding to the vibration
periods that significantly contribute to the building’s dynamic response. This period range shall have an
upper bound greater than or equal to twice the largest first-mode period in the orthogonal horizontal
directions of response, unless a lower value is justified by dynamic analysis under MCEr ground motions.
In no case shall the upper bound be less than 1.5 times the largest first-mode period in the orthogonal
horizontal directions of response. The lower-bound period shall be established such that the period range
includes at least the number of elastic modes necessary to achieve 90% mass participation in each
orthogonal horizontal direction. The lower-bound period shall not exceed 20% of the smallest first-mode
period for the two orthogonal horizontal directions of response

16.2.4.2 Scaling of Ground Motions

For each ground motion, a maximum-direction spectrum shall be constructed from the two horizontal
ground motion components. Each ground motion shall be scaled (with an identical scale factor applied to
both horizontal components) such that the average of the maximum-direction spectra from all ground
motions matches the target response spectrum defined in Section 16.2.2, on average, over the period range
defined in Section 16.2.4.1. Additionally, the average of the maximum-direction spectra from all the
ground motions shall not fall below 90% of the target response spectrum for any period within the same
period range.

16.2.4.3 Spectral Matching of Ground Motions

If spectral matching of ground motions is utilized, each ground motion component shall be scaled such
that the average of the spectra from all ground motion components, in each horizontal direction for which
ground motions are applied, shall not be less than the target response spectrum defined in Section 16.2.2,
over the period range defined in Section 16.2.4.1.

For sites identified as near-fault in Section 16.2.3.3, spectral matching shall not be utilized unless the
pulse characteristics of the ground motions are retained after the matching process has been completed.

16.2.5 Application of Ground Motions to the Structural Model
Ground motions shall be applied to the structural model based on the requirements of this section.
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16.2.5.1 Orientation of Ground Motions

For sites identified as near-fault in Section 16.2.3.3, each pair of horizontal ground motion components
shall be rotated to the fault-normal and fault-parallel directions of the causative fault and applied to the
building in such orientation.

At all other sites, each pair of horizontal ground motion components shall be applied to the building
at arbitrary orientation angles.

For either type of site, individual pairs of horizontal ground motion components need not be applied
in multiple orientations.

16.2.5.2 Application of Input Ground Motion over Subterranean Levels

When subterranean levels are included in the structural model, ground motions shall be applied at the
foundation level of the model, in accordance with the requirements of Section 16.3.10.

16.3 MODELING AND ANALYSIS

Mathematical models shall conform to the requirements of Section 12.7 and the requirements of this section.

16.3.1 System Modeling

The model of the structural system shall be three-dimensional and shall represent all components that
significantly affect the seismic response when subjected to MCEr ground motions defined in Section 16.2.
Component models shall incorporate expected material properties.

16.3.2 Gravity Load

The modeling of and demands on elements in the analysis model shall be determined considering
earthquake effects acting in the presence of expected gravity loads. Expected gravity loads shall be taken
as 1.0D + 0.5L, where L is a reduced design live load. L shall be taken as 0.8L, for live loads that exceed
100 Ib/ft? (4.79 kN/m?) and 0.4L, for all other live loads, where Lo is the unreduced design live load (see
Table 4-1).

16.3.3 P-delta Effects
P-delta effects shall be included in the analysis using the gravity loads defined in Section 16.3.2 above.

16.3.4 Seismic Mass
Masses used in the analytical model shall represent the effective seismic weight per Section 12.7.2.

16.3.5 Diaphragm Modeling

Analysis models shall be capable of representing the flexibility of floor diaphragms where this is significant
to the structure’s response. Diaphragms at horizontal and vertical discontinuities in lateral resistance shall
be explicitly modeled in a manner that permits capture of the force transfers and resulting deformations.

16.3.6 Torsion

The analysis model shall capture torsional behavior of the structure. Inherent eccentricities resulting from
the distribution of mass and stiffhess shall be included. Accidental torsion need not be considered in the
analysis.
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16.3.7 Stiffness of Elements Modeled with Elastic Properties

Linear properties, consistent with the requirements of Section 12.7.3, are permitted to be used for those
elements demonstrated by the analysis to remain essentially elastic. To the extent that such effects are
anticipated to be significant, element properties shall account for the following:

1. Stiffness properties of reinforced concrete and reinforced masonry shall account for cracking and
other phenomena that affect effective initial stiffness including strain penetration, bond slip, and
tension shift associated with shear cracking.

2. Stiffness properties of steel or other connected elements shall account for connection stiffness and,
for moment frames, the effect of panel zone (beam-column joint) deformations.

16.3.8 Nonlinear Modeling

The mathematical model shall directly account for the nonlinear hysteretic behavior of all members and
connections undergoing inelastic behavior, in a manner consistent with applicable laboratory test data. Test
data shall not be extrapolated beyond tested deformation levels. If the analysis results for any ground
motion indicate that component inelastic deformations are large enough to cause degradation in element
strength or stiffness, the hysteretic models shall include these effects.

16.3.9 Damping

Hysteretic energy dissipation of structural members shall be modeled directly with inelastic elements.
Additional inherent damping not associated with inelastic behavior of elements shall be modeled
appropriate to the structure type and shall not exceed 3% equivalent viscous damping in the significant
modes of response, unless supplemental damping is provided in accordance with Chapter 18.

16.3.10  Soil-Structure Interaction (SSI)

For structures having subterranean levels, the structural model shall extend to the foundation level and
ground motions shall be input at the foundation level. Foundation level motions shall be taken as those
defined in Section 16.2.2 or, as an alternative, the motions are permitted to be reduced from those in Section
16.2.2 to account for kinematic interaction effects. When soil spring and/or dashpot elements are included in
the structural model, input motions shall be applied to the ends of the soil elements rather than being applied to
the foundation directly.

16.4 ANALYSIS RESULTS AND ACCEPTANCE CRITERIA

Structures shall be demonstrated to meet the global acceptance criteria of Section 16.4.1 and the element-
level acceptance criteria of Section 16.4.2.

16.4.1 Global Acceptance Criteria

16.4.1.1 Unacceptable Response

For Risk Categories | and 11, and when spectral matching of ground motions is not utilized, not more than
one motion of the eleven shall produce an unacceptable response. Any of the following shall be designated
as an unacceptable response: a dynamic instability, a non-convergent analysis, a response that exceeds the
valid range of modeling of a deformation controlled component, or a force demand that exceeds the average
strength of a critical force-controlled component. In the case that an unacceptable response occurs, the
average response estimates shall be taken as the counted median response multiplied by 1.2, but not less
than the average response from the remaining motions.

For Risk Categories | and I, when spectral matching of ground motions is utilized, no motions shall
produce an unacceptable response.

For Risk Categories 11l and 1V, no motions shall produce an unacceptable response.
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16.4.1.2 Story Drift

The average story drift ratio for each story shall not exceed two times the limits of Table 12.12-1. For
masonry shear wall structures, the masonry limits of Table 12.12-1 shall not apply and these structures shall
instead comply with the limits as for all other structures.

16.4.2 Element-Level Acceptance Criteria

All element actions shall be evaluated either as force-controlled or deformation-controlled. Element
actions for which reliable inelastic deformation capacity is achievable without critical strength decay shall
be deemed as deformation-controlled. Element actions for which inelastic deformation capacity cannot be
assured shall be deemed as force-controlled. Any element actions modeled with linear properties shall be
deemed to be force-controlled.

All element actions shall also be categorized as critical, ordinary, or non-critical. Critical element
actions are those in which failure would result in the collapse of multiple bays of multiple stories of the
building or would result in a significant reduction of the seismic resistance of the structure. Ordinary
element actions are those in which failure would result in only local collapse, comprising not more than
one bay in a single story, and would not result in a significant reduction of the seismic resistance of the
structure. Non-critical element actions are those in which failure would not result in either collapse or
substantive loss of the seismic resistance of the structure.

16.4.2.1 Force-Controlled Actions

For element actions deemed to be force-controlled, the required element strength shall be determined in
accordance with this section.

Critical force-controlled actions shall satisfy:
201, FE, <F, (16.4-1)

where ¢ is the importance factor as prescribed in Section 11.5.1, F, is the average demand for the response
parameter of interest, and F. is the expected strength of the component.

Ordinary force-controlled actions shall satisfy:

151, F, <F, (16.4-2)
Non-critical force-controlled actions shall satisfy:
101, F, <F, (16.4-3)

EXCEPTION: For actions other than shear in structural walls and columns, the force demand need
not exceed the maximum force that can develop in the element as determined by plastic mechanism
analysis, where the analysis is based on expected material properties. When designing components for such
force demand, nominal component strengths shall be used instead of expected strengths and appropriate
strength reduction factors shall be used.

16.4.2.2 Deformation-Controlled Actions

For element actions deemed to be deformation-controlled, the inelastic deformation limit shall be
determined in accordance with this section.

For critical deformation-controlled actions, the average inelastic deformation shall not exceed 0.3/l
multiplied by the inelastic deformation that would result in the loss of ability of the component to carry
gravity loads. For ordinary deformation-controlled actions, the average inelastic deformation shall not
exceed 0.5/lc multiplied by the inelastic deformation that would result in the loss of ability of the
component to carry gravity loads. For non-critical deformation-controlled actions, the inelastic
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deformation is only limited by Section 16.4.1.1 requirement that deformations not exceed the valid range
of modeling.

EXCEPTION: Where it can be shown that an alternate load path exists that allows gravity load
redistribution and prevents an immediate consequence of element failure, the average inelastic
deformation limit is permitted to be as follows: For critical deformation-controlled actions, the limit shall
be 0.5/ multiplied by the inelastic deformation that would result in the loss of ability of the component
to carry gravity loads. For ordinary deformation-controlled actions, the limit shall be 0.7/l multiplied
by the inelastic deformation that would result in the loss of ability of the component to carry gravity
loads. The inelastic deformation that would result in the loss of ability of the component to carry gravity
loads shall be taken as the average value observed from test data.

16.4.2.3 Components of the Gravity System

Elements that are not part of the seismic force-resisting system shall comply with the Section 12.12.5
deformation-compatibility requirement of this standard using the average building displacements from
response history analysis for MCEr ground motions.

16.5 DESIGN REVIEW

When the seismic response history procedure is utilized to demonstrate compliance with the requirements
of this standard, structural design review shall be performed in accordance with the requirements of this
section. Upon completion of the review, and prior to the issuance of the final permit, the reviewer(s) shall
provide the authority having jurisdiction and the registered design professional a letter of completion
attesting to:

1. Scope of review performed.
2. Concurrence with the analysis and its applicability to the design.
3. Items relating to the design or analysis that require resolution.

16.5.1 Reviewer Qualifications

Reviewer(s) shall consist of one or more individuals providing knowledge of the following items, with a
minimum of one reviewer being a registered design professional:

1. The requirements of this standard and the standards referenced herein, as they pertain to design of
the type of structure under consideration.

2. Selection and scaling of ground motions for use in nonlinear response history analysis.

3. Analytical structural modeling for use in nonlinear response history analysis, including use of
laboratory tests in the creation and calibration of the structural analysis models, and including
knowledge of soil-structure interaction (if used in the analysis or the treatment of ground motions).

4. Behavior of structural systems, of the type under consideration, when subjected to earthquake
loading.

16.5.2 Review Scope

The scope of Review shall include the project-specific design criteria in Section 16.1.2 as well as the
associated project documentation that demonstrate conformance to the design criteria.
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CHAPTER 17, SEISMIC DESIGN REQUIREMENTS FOR SEISMICALLY
ISOLATED STRUCTURES

(Replacement)

17.1 GENERAL

Every seismically isolated structure and every portion thereof shall be designed and constructed in
accordance with the requirements of this section and the applicable requirements of this standard.

17.1.2 Definitions
BASE LEVEL.: The first level of the isolated structure above the isolation interface.

MAXIMUM DISPLACEMENT: The maximum lateral displacement, excluding additional
displacement due to actual and accidental torsion, required for design of the isolation system. The
Maximum Displacement is to be computed separately using upper bound and lower bound properties.

TOTAL MAXIMUM DISPLACEMENT: The total maximum lateral displacement, including
additional displacement due to actual and accidental torsion, required for verification of the stability of the
isolation system or elements thereof, design of structure separations, and vertical load testing of isolator
unit prototypes. . The Total Maximum Displacement is to be computed separately using upper bound and
lower bound properties.

DISPLACEMENT RESTRAINT SYSTEM: A collection of structural elements that limits lateral
displacement of seismically isolated structures due to the maximum considered earthquake.

EFFECTIVE DAMPING: The value of equivalent viscous damping corresponding to energy
dissipated during cyclic response of the isolation system.

EFFECTIVE STIFFNESS: The value of the lateral force in the isolation system, or an element
thereof, divided by the corresponding lateral displacement.

ISOLATION INTERFACE: The boundary between the upper portion of the structure, which is
isolated, and the lower portion of the structure, which moves rigidly with the ground.

ISOLATION SYSTEM: The collection of structural elements that includes all individual isolator
units, all structural elements that transfer force between elements of the isolation system, and all
connections to other structural elements. The isolation system also includes the wind-restraint system,
energy-dissipation devices, and/or the displacement restraint system if such systems and devices are used
to meet the design requirements of this chapter.

ISOLATOR UNIT: A horizontally flexible and vertically stiff structural element of the isolation
system that permits large lateral deformations under design seismic load. An isolator unit is permitted to be
used either as part of, or in addition to, the weight-supporting system of the structure.

SCRAGGING: Cyclic loading or working of rubber products, including elastomeric isolators, to effect
a reduction in stiffness properties, a portion of which will be recovered over time.

WIND-RESTRAINT SYSTEM: The collection of structural elements that provides restraint of the
seismic-isolated structure for wind loads. The wind-restraint system is permitted to be either an integral
part of isolator units or a separate device.

17.1.3 Notation

Bm = numerical coefficient as set forth in Table 17.5-1 for effective damping equal to fm
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Cvx

F+

Fx
hi, ha, hy

K

keff

Pt

r

Ri

Sps

Sm1

Swms

Tm

shortest plan dimension of the structure, in ft. (mm) measured perpendicular to d
Vertical distribution factor

maximum displacement, in in. (mm), at the center of rigidity of the isolation system in the
direction under consideration, as prescribed by Eg. 17.5-1

maximum displacement, in in. (mm), at the center of rigidity of the isolation system in the
direction under consideration, as prescribed by Eq. 17.6-1

total maximum displacement, in in. (mm), of an element of the isolation system including
both translational displacement at the center of rigidity and the component of torsional
displacement in the direction under consideration, as prescribed by Eq. 17.5-3

longest plan dimension of the structure, in ft. (mm) measured perpendicular to b

energy dissipated in kips-in. (kN-mm), in an isolator unit during a full cycle of reversible
load over a test displacement range from A* to A-, as measured by the area enclosed by the
loop of the force-deflection curve

actual eccentricity, in ft. (mm), measured in plan between the center of mass of the structure
above the isolation interface and the center of rigidity of the isolation system, plus accidental
eccentricity, in ft. (mm), taken as 5 percent of the maximum building dimension
perpendicular to the direction of force under consideration

minimum negative force in an isolator unit during a single cycle of prototype testing at a
displacement amplitude of A~

maximum positive force in kips (kN) in an isolator unit during a single cycle of prototype
testing at a displacement amplitude of A*

lateral seismic force, in kips (kKN), at Level x as prescribed by Eq. 17.5-9
height above the isolation interface of Level i, 1, or x
height of story below Level x

effective stiffness, in kips/in. (kN/mm), of the isolation system in the horizontal direction
under consideration, as prescribed by Eq. 17.8-5

effective stiffness of an isolator unit, as prescribed by Eq. 17.8-1
effect of live load in Chapter 17
number of isolator units

ratio of the effective translational period of the isolation system to the effective torsional
period of the isolation system, as prescribed by Eq. 17.5-6A, but need not be taken as less
than 1.0

radius of gyration of the isolation system in ft. (mm), equal to (b? + d?)*?/12 for isolation
systems of rectangular plan dimension, b x d

numerical coefficient related to the type of seismic force-resisting system above the isolation
system

the MCEg, 5 percent damped, spectral response acceleration parameter at short periods
adjusted for site class effects, as defined in Section 11.4.4

the MCEg, 5 percent damped, spectral response acceleration parameter at a period of 1 s
adjusted for site class effects, as defined in Section 11.4.3

the MCEg, 5 percent damped, spectral response acceleration parameter at short periods
adjusted for site class effects, as defined in Section 11.4.3

effective period, in s, of the seismically isolated structure at the displacement Dw in the
direction under consideration, as prescribed by Eg. 17.5-2
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Tto
Vb

Vs

Wi

Wi, W1, Wy
Xi, Yi

Bwm

Peft
AF
A-

A max

A min

/At(ae, max)

/At(ae, min)

/1(test, max)

/1(test, min)

)M(spec, max)

the fundamental period, in s, of the structure above the isolation interface determined using
a modal analysis assuming fixed-base conditions

total lateral seismic design force or shear on elements of the isolation system or elements
below isolation system, in kips (kN), as prescribed by Eq. 17.5-7 or Eq. 17.5-7A

total lateral seismic design force or shear on elements above the base level, in kips (kN), as
prescribed by Eq. 17.5-8 and the limits of Section 17.5.4.3

total unreduced lateral seismic design force or shear on elements above the base level, in Kips
(kN), as prescribed by Eq. 17.5-8A

distance, in ft. (mm), between the center of rigidity of the isolation system rigidity and the
element of interest measured perpendicular to the direction of seismic loading under
consideration

effective seismic weight, in kips (kKN), of the structure above the isolation interface, as
defined by Section 12.7.2

effective seismic weight, in kips (kKN), of the structure above the isolation interface, as
defined by Section 12.7.2, excluding the effective seismic weight, in kips (kN), of the base
level

portion of W that is located at or assigned to Level i, 1, or x

horizontal distances in ft. (mm) from the center of mass to the i isolator unit in the two
horizontal axes of the isolation system

effective damping of the isolation system at the displacement Dw, as prescribed by Eq. 17.2-
4

effective damping of the isolation system, as prescribed by Eq. 17.8-2
maximum positive displacement of an isolator unit during each cycle of prototype testing
minimum negative displacement of an isolator unit during each cycle of prototype testing

property modification factor for calculation of the maximum value of the isolator property of
interest, used to account for all sources of isolator property variability, as defined in Section
17.2.8.4

property modification factor for calculation of the minimum value of the isolator property of
interest, used to account for all sources of isolator property variability, as defined in Section
17.2.8.4

property modification factor for calculation of the maximum value of the isolator property of
interest, used to account for aging effects and environmental conditions as defined in Section
17.2.8.4

property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for aging effects and environmental conditions as defined in Section
17.2.8.4

property modification factor used to calculate the maximum value of the isolator property of
interest, used to account for heating, rate of loading, and scragging as defined in Section
17.2.8.4

property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for heating, rate of loading, and scragging as defined in Section
17.2.8.4

property modification factor used to calculate the maximum value of the isolator property of
interest, used to account for permissible manufacturing variation on the average properties
of a group of same sized isolators as defined in Section 17.2.8.4
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Aispec, miny =  property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for permissible manufacturing variation on the average properties
of a group of same sized isolators as defined in Section 17.2.8.4

total energy dissipated, in kips-in. (kN-mm), in the isolation system during a full cycle of
response at displacement Dy

>Fm* = sum, for all isolator units, of the maximum absolute value of force, in kips (kN), at a positive
displacement equal to D

YFwm = sum, for all isolator units, of the maximum absolute value of force, in kips (kN), at a negative
displacement equal to Dwm

YEm

17.2 GENERAL DESIGN REQUIREMENTS

17.2.1 Importance Factor

All portions of the structure, including the structure above the isolation system, shall be assigned a risk
category in accordance with Table 1.5-1. The importance factor, le, shall be taken as 1.0 for a seismically
isolated structure, regardless of its risk category assignment.

17.2.2 Configuration

Each isolated structure shall be designated as having a structural irregularity if the structural configuration
above the isolation system has a Type 1b horizontal structural irregularity, as defined in Table 12.3-1, or
Type 1a, 1b, 5a, 5b vertical irregularity, as defined in Table 12.3-2.

17.2.3 Redundancy

A redundancy factor, p, shall be assigned to the structure above the isolation system based on requirements
of Section 12.3.4. The value of redundancy factor, p, is permitted to be equal to 1.0 for isolated structures
that do not have a structural irregularity, as defined in Section 17.2.2.

17.2.4 Isolation System

17.2.4.1 Environmental Conditions

In addition to the requirements for vertical and lateral loads induced by wind and earthquake, the isolation
system shall provide for other environmental conditions including aging effects, creep, fatigue, operating
temperature, and exposure to moisture or damaging substances.

17.2.4.2 Wind Forces

Isolated structures shall resist design wind loads at all levels above the isolation interface. At the isolation
interface, a wind-restraint system shall be provided to limit lateral displacement in the isolation system to
a value equal to that required between floors of the structure above the isolation interface in accordance
with Section 17.5.6.

17.2.4.3 Fire Resistance

Fire resistance for the isolation system shall be provided to at least the be the same degree as the fire
resistance required for the columns, walls, or other such gravity-bearing elements in the same region of the
structure.
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17.2.4.4 Lateral Restoring Force

The isolation system shall be configured, for both upper bound and lower bound isolation system properties,
to produce a restoring force such that the lateral force at the corresponding maximum displacement is at
least 0.025W greater than the lateral force at 50 percent of the corresponding maximum displacement.

17.2.4.5 Displacement Restraint

The isolation system shall not be configured to include a displacement restraint that limits lateral
displacement due to MCEr ground motions to less than the total maximum displacement, Drw, unless the
seismically isolated structure is designed in accordance with all of the following criteria:

1. MCErresponse is calculated in accordance with the dynamic analysis requirements of Section 17.6,
explicitly considering the nonlinear characteristics of the isolation system and the structure above
the isolation system.

2. The ultimate capacity of the isolation system and structural elements below the isolation system
shall exceed the strength and displacement demands of the MCEr response.

3. The structure above the isolation system is checked for stability and ductility demand of the MCEr
response.

4. The displacement restraint does not become effective at a displacement less than 0.6 times the total
maximum displacement.

17.2.4.6 Vertical-Load Stability

Each element of the isolation system shall be designed to be stable under the design vertical load where
subjected to a horizontal displacement equal to the total maximum displacement. The design vertical load
shall be computed using load combination (2) of Section 17.2.7.1 for the maximum vertical load and load
combination (3) of Section 17.2.7.1 for the minimum vertical load.

17.2.4.7 Overturning

The factor of safety against global structural overturning at the isolation interface shall not be less than 1.0
for required load combinations. All gravity and seismic loading conditions shall be investigated. Seismic
forces for overturning calculations shall be based on MCEr ground motions, and W shall be used for the
vertical restoring force.

Local uplift of individual elements shall not be allowed unless the resulting deflections do not cause
overstress or instability of the isolator units or other structure elements.

17.2.4.8 Inspection and Replacement
All of the following items shall be addressed as part of the long term inspection and replacement program:

1. Access for inspection and replacement of all components of the isolation system shall be provided.

2. A registered design professional shall complete a final series of observations of structure
separation areas and components that cross the isolation interface prior to the issuance of the
certificate of occupancy for the seismically isolated structure. Such observations shall verify that
conditions allow free and unhindered displacement of the structure up to the total maximum
displacement, and that components that cross the isolation interface have been constructed to
accommodate the total maximum displacement.

3. Seismically isolated structures shall have a monitoring, inspection, and maintenance plan for the
isolation system established by the registered design professional responsible for the design of the
isolation system.

4. Remodeling, repair, or retrofitting at the isolation system interface, including that of components
that cross the isolation interface, shall be performed under the direction of a registered design
professional.
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17.2.4.9 Quality Control

A quality control testing program for isolator units shall be established by the registered design professional
responsible for the structural design, incorporating the production testing requirements of Section 17.8.6.
17.25 Structural System

17.2.5.1 Horizontal Distribution of Force

A horizontal diaphragm or other structural elements shall provide continuity above the isolation interface
and shall have adequate strength and ductility to transmit forces from one part of the structure to another.

17.25.2 Minimum Building Separations

Minimum separations between the isolated structure and surrounding retaining walls or other fixed
obstructions shall not be less than the total maximum displacement.

17.2.5.3 Nonbuilding Structures

Nonbuilding structures shall be designed and constructed in accordance with the requirements of Chapter
15 using design displacements and forces calculated in accordance with Sections 17.5 or 17.6.

17.25.4 Steel Ordinary Concentrically Braced Frames

Steel Ordinary Concentrically Braced Frames are permitted as the Seismic Force Resisting System in
seismically isolated structures assigned to SDC D, E and F and are permitted to a height of 160 feet or less
provided that all of the following design requirements are satisfied.

1. The value of R, as defined in Section 17.5.4. is 1.0.

2. The total maximum MCERr displacement (Drw) as defined in Equation 17.5-3 shall be increased
by a factor of 1.20.

3. The additional seismic detailing requirements of Section F1.7 of AISC 341-10 are met.

17.2.5.5 Steel Grid Frames

Moment-resisting connections of structural steel elements of the seismic isolation system and of column
bases joined to the seismic isolation system shall be permitted to conform to the requirements for Ordinary
Steel Moment Frames of AISC 341 E1.6a through b.

17.2.6 Elements of Structures and Nonstructural Components

Parts or portions of an isolated structure, permanent nonstructural components and the attachments to them,
and the attachments for permanent equipment supported by a structure shall be designed to resist seismic
forces and displacements as prescribed by this section and the applicable requirements of Chapter 13.

17.2.6.1 Components at or above the Isolation Interface

Elements of seismically isolated structures and nonstructural components, or portions thereof that are at or
above the isolation interface shall be designed to resist a total lateral seismic force equal to the maximum
dynamic response of the element or component under consideration determined using a response history
analysis.

EXCEPTION: Elements of seismically isolated structures and nonstructural components or portions
designed to resist seismic forces and displacements as prescribed in Chapter 12 or 13 as appropriate are not
required to meet this provision.
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17.2.6.2 Components Crossing the Isolation Interface

Elements of seismically isolated structures and nonstructural components, or portions thereof that cross the
isolation interface shall be designed to withstand the total maximum displacement and to accommodate on
a long term basis any permanent residual displacement.

17.2.6.3 Components below the Isolation Interface

Elements of seismically isolated structures and nonstructural components, or portions thereof, that are
below the isolation interface shall be designed and constructed in accordance with the requirements of
Section 12.1 and Chapter 13.

17.2.7 Seismic Load Effects and Load Combinations

All members of the isolated structure, including those not part of the seismic force-resisting system, shall
be designed using the seismic load effects of Section 12.4 and the additional load combinations of Section
17.2.7.1 for design of the isolation system and for testing of prototype isolator units.

17.2.7.1 Isolator Unit Vertical Load Combinations

The average, minimum and maximum vertical load on each isolator unit type shall be computed from
application of horizontal seismic forces, Qg, due to MCEg ground motions and the following applicable
vertical load combinations:

1. Awverage vertical load: load corresponding to 1.0 dead load plus 0.5 live load.

2. Maximum vertical load: load combination 5 of Section 2.3.2, where E is given by Eqg. 12.4-1 and
Sps is replaced by Sus in Eq. (12.4-4).

3. Minimum vertical load: load combination 7 of Section 2.3.2, where E is given by Eq. 12.4-2 and
Sps is replaced by Susin Eq. (12.4-4).

17.2.8 Isolation System Properties

17.2.8.1 Isolation System Component Types

All components of the isolation system shall be categorized and grouped in terms of common type and size
of isolator unit and common type and size of supplementary damping device, if such devices are also
components of the isolation system.

17.2.8.2 Isolator Unit Nominal Properties

Isolator unit type nominal design properties shall be based on average properties over the three cycles of
prototype testing, specified by Item 2 of Section 17.8.2.2. Variation in isolator unit properties with vertical
load are permitted to be established based on a single representative deformation cycle by averaging the
properties determined using the three vertical load combinations specified in Section 17.2.7.1, at each
displacement level, where required to be considered by Section 17.8.2.2.

EXCEPTION: If the measured values of isolator unit effective stiffness and effective damping for
vertical load 1 of Section 17.2.7.1 differ by less than 15% from the those based on the average of measured
values for the three vertical load combinations of Section 17.3.2, then nominal design properties are
permitted to be computed only for load combination 1 of Section 17.2.7.1

17.2.8.3 Bounding Properties of Isolation System Components

Bounding properties of isolation system components shall be developed for each isolation system
component type. Bounding properties shall include variation in all of the following component properties:

61



2015 NEHRP Provisions

1. measured by prototype testing, Item 2 of Section 17.8.2.2, considering variation in prototype
isolator unit properties due to required variation in vertical test load, rate of test loading or velocity
effects, effects of heating during cyclic motion, history of loading, scragging (temporary
degradation of mechanical properties with repeated cycling) and other potential sources of
variation measured by prototype testing,

2. permitted by manufacturing specification tolerances used to determine acceptability of production
isolator units, as required by Section 17.8.6, and

3. due to aging and environmental effects including creep, fatigue, contamination, operating
temperature and duration of exposure to that temperature, and wear over the life of the structure.

17.2.8.4 Property Modification Factors

Maximum and minimum property modification (A) factors shall be used to account for variation of the
nominal design parameters of each isolator unit type for the effects of heating due to cyclic dynamic motion,
loading rate, scragging and recovery, variability in production bearing properties, temperature, aging,
environmental exposure and contamination. When manufacturer-specific qualification test data in
accordance with 17.8.1.2 has been approved by the registered design professional, these data may be used
to develop the property modification factors and the maximum and minimum limits of Egs. 17.2-1 and
17.2-2 need not apply. When qualification test data in accordance with 17.8.1.2 have not been approved by
the registered design professional, the maximum and minimum limits of Egs. 17.2-1 and 17.2-2 shall apply.

Property modification factors (1) shall be developed for each isolator unit type and when applied to the
nominal design parameters shall envelope the hysteretic response for the range of demands from £ 0.5Dy
up to and including the maximum displacement, £ Dy. Property modification factors for environmental
conditions are permitted to be developed from data that need not satisfy the similarity requirements of
Section 17.8.2.7

For each isolator unit type, the maximum property modification factor, Amax, and the minimum property
modification factor, Amin, Shall be established from contributing property modification factors in accordance
with Eq. 17.2-1 and Eq. 17.2-2, respectively:

A max = (14 (0.75*( X (ae, max) =1))) * A test, max) * A (spec, max) > 1.8 (17.2-1)
Amin= (1- (0.75%(1- X ae, min)))) * A (test, min) * A (spec, min) < 0.80 (17.2-2)
where
M@, max) = property modification factor for calculation of the maximum value of the isolator property of
interest, used to account for aging effects and environmental conditions

property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for aging effects and environmental conditions

Aaest, max) = property modification factor used to calculate the maximum value of the isolator property of
interest, used to account for heating, rate of loading, and scragging

property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for heating, rate of loading, and scragging

Aispec, max) = Property modification factor used to calculate the maximum value of the isolator property of
interest, used to account for permissible manufacturing variation on the average properties
of a group of same sized isolators

property modification factor used to calculate the minimum value of the isolator property of
interest, used to account for permissible manufacturing variation on the average properties
of a group of same sized isolators

7\-(ae, min)

x(test, min)

)M(spec, min)
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17.2.8.5 Upper-Bound and Lower-Bound Force-Deflection Behavior of Isolation
System Components

A mathematical model of upper-bound force-deflection (loop) behavior of each type of isolation system
component shall be developed. Upper-bound force-deflection behavior of isolation system components
that are essentially hysteretic devices (e.g., isolator units) shall be modeled using the maximum values of
isolator properties calculated using the property modification factors of Section 17.2.8.4. Upper-bound
force-deflection behavior of isolation system components that are essentially viscous devices (e.g.,
supplementary viscous dampers), shall be modeled in accordance with the requirements of Chapter 18 for
such devices.

A mathematical model of lower-bound force-deflection (loop) behavior of each type of isolation system
component shall be developed. Lower-bound force-deflection behavior of isolation system components
that are essentially hysteretic devices (e.g., isolator units) shall be modeled using the minimum values of
isolator properties calculated using the property modification factors of Section 17.2.8.4. Lower-bound
force-deflection behavior of isolation system components that are essentially viscous devices (e.g.,
supplementary viscous dampers), shall be modeled in accordance with the requirements of Chapter 18 for
such devices.

17.2.8.6 Isolation System Properties at Maximum Displacements

The effective stiffness, kw, of the isolation system at the maximum displacement, Dy, shall be computed
using both upper-bound and lower-bound force-deflection behavior of individual isolator units, in
accordance with Eq. 17.2-3:

2R+ 2

2D,,

Fu Fu

Ky =

(17.2-3)

The effective damping, Bw, of the isolation system at the maximum displacement, Dw, in inches (mm)
shall be computed using both upper-bound and lower-bound force-deflection behavior of individual isolator
units, in accordance with Eq. 17.2-4:

Ew
ﬁM_ Z

- 2
278Ky Dy (17.2-4)
where
> Em = total energy dissipated, in kips-in. (kN-mm), in the isolation system during a full cycle of
response at the displacement D
> Fm* = sum, for all isolator units, of the absolute value of force, in kips (kN), at a positive
displacement equal to Dwm
> Fm~ = sum, for all isolator units, of the absolute value of force, in kips (kN), at a negative
displacement equal to Dwm
17.3 SEISMIC GROUND MOTION CRITERIA

17.3.1 Site-Specific Seismic Hazard

The MCEr response spectrum requirements of Section 11.4.5 and 11.4.6 are permitted to be used to
determine the MCEr response spectrum for the site of interest. The site-specific ground motion procedures
set forth in Chapter 21 are also permitted to be used to determine ground motions for any isolated structure.
For isolated structures on Site Class F sites, site response analysis shall be performed in accordance with
Section 21.1.
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17.3.2 MCERr Response Spectra and Spectral Response Acceleration Parameters, Sws,
Swm1

The MCEr response spectrum shall be the MCEr response spectrum of 11.4.5,11.4.6 or 11.4.7. The MCEr
response spectral acceleration parameters Sws and Swi shall be determined in accordance with Section
11.4.3,11.45,11.4.6,0r 11.4.7.

17.3.4 MCERr Ground Motion Records

Where response history analysis procedures are used, MCEr ground motions shall consist of not less than
seven pairs of horizontal acceleration components selected and scaled from individual recorded events
having magnitudes, fault distance and source mechanisms that are consistent with those that control the
maximum considered earthquake (MCEg). Amplitude or spectral matching is permitted to scale the ground
motions. Where the required number of recorded ground motion pairs is not available, simulated ground
motion pairs are permitted to make up the total number required.

For each pair of horizontal ground motion components, a square root of the sum of the squares (SRSS)
spectrum shall be constructed by taking the SRSS of the 5 percent-damped response spectra for the scaled
components (when amplitude scaling is used an identical scale factor is applied to both components of a
pair). Each pair of motions shall be scaled such that in the period range from 0.75 Tw, determined using
upper bound isolation system properties, to 1.25Twm, determined using lower bound isolation system
properties, the average of the SRSS spectral from all horizontal component pairs does not fall below the
corresponding ordinate of the response spectrum used in the design (MCERg), determined in accordance with
Section 11.4.6 or 11.4.7.

For records that are spectrally matched each pair of motions shall be scaled such that in the period range
from 0.2Tw, determined using upper bound properties, to 1.25Tw , determined using lower bound properties,
the response spectrum of one component of the pair is at least 90% of the corresponding ordinate of the
response spectrum used in the design determined in accordance with Section 11.4.6 or 11.4.7.

For sites within 3 miles (5 km) of the active fault that controls the hazard, spectral matching shall not
be utilized unless the pulse characteristics of the near field ground motions are included in the site specific
response spectra, and pulse characteristics when present in individual ground motions are retained after
the matching process has been completed.

At sites within 3 miles (5 km) of the active fault that controls the hazard, each pair of components shall
be rotated to the fault-normal and fault-parallel directions of the causative fault and shall be scaled so that
the average spectrum of the fault normal components is not less than the MCEr spectrum and the average
spectrum of the fault-parallel components is not less than 50% of the MCEr response spectrum for the
period range 0.2Tw, determined using upper bound properties, to 1.25Ty, determined using lower bound
properties.

17.4 ANALYSIS PROCEDURE SELECTION

Seismically isolated structures except those defined in Section 17.4.1 shall be designed using the dynamic
procedures of Section 17.6.

1741 Equivalent Lateral Force Procedure

The equivalent lateral force procedure of Section 17.5 is permitted to be used for design of a seismically
isolated structure and where applicable the following requirements shall be evaluated separately for upper-
bound and lower-bound isolation system properties and the more restrictive requirement shall govern. All
of the following items shall be satisfied for use of the equivalent lateral force procedure.

1. The structure is located on a Site Class A, B, C and D.
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2. The effective period of the isolated structure at the maximum displacement, Dy, is less than or
equal to 5.0s.

3. The effective damping of the isolation system at the maximum displacement, D, is less than or
equal to 30%.

4. The effective period of the isolated structure Ty is greater than three times the elastic, fixed-base
period of the structure above the isolation system determined using a rational modal analysis.

5. The structure above the isolation system does not have a structural irregularity, as defined in
Section 17.2.2.

6. The isolation system meets all of the following criteria:

a. The effective stiffness of the isolation system at the maximum displacement is greater than
one-third of the effective stiffness at 20 percent of the maximum displacement.

b. The isolation system is capable of producing a restoring force as specified in Section
17.2.4.4.

c. The isolation system does not limit maximum earthquake displacement to less than the
total maximum displacement, Drw.

17.4.2 Dynamic Procedures

The dynamic procedures of Section 17.6 are permitted to be used as specified in this section.

17.4.2.1 Response Spectrum Analysis Procedure

Response spectrum analysis procedure shall not be used for design of a seismically isolated structure unless
the structure and isolation system meet the criteria of Section 17.4.1 ltems 1, 2, 3, 4 and 6.

17.4.2.2 Response History Analysis Procedure

The response history analysis procedure is permitted to be used for design of any seismically isolated
structure and shall be used for design of all seismically isolated structures not meeting the criteria of Section
17.4.2.1.

17.5 EQUIVALENT LATERAL FORCE PROCEDURE
17.5.1 General

Where the equivalent lateral force procedure is used to design seismically isolated structures, the
requirements of this section shall apply.

17.5.2 Deformation Characteristics of the Isolation System

Minimum lateral earthquake design displacements and forces on seismically isolated structures shall be
based on the deformation characteristics of the isolation system. The deformation characteristics of the
isolation system includes the effects of the wind-restraint system if such a system is used to meet the design
requirements of this standard. The deformation characteristics of the isolation system shall be based on
properly substantiated prototype tests performed in accordance with Section 17.8 and incorporate property
modification factors in accordance with Section 17.2.8.

The analysis of the isolation system and structure shall be performed separately for upper-bound and
lower-bound properties, and the governing case for each response parameter of interest shall be used for
design.
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17.5.3 Minimum Lateral Displacements Required for Design

17.53.1 Maximum Displacement

The isolation system shall be designed and constructed to withstand, as a minimum, the maximum
displacement, Dw, determined using upper-bound and lower-bound properties, in the most critical direction
of horizontal response, calculated using Eq. 17.5-1:

— gSMlTM
iy
M (17.5-1)
where
g = acceleration due to gravity, in units of in./s?> (mm/s?) if the units of the displacement Dy are
in in. (mm)
Sw1 = MCER 5 -percent damped spectral acceleration parameter at 1-s period in units of g-sec., as
determined in Section 11.4.5
Tw = effective period of the seismically isolated structure in seconds at the displacement Dy in the
direction under consideration, as prescribed by Eq. 17.5-2
Bm = numerical coefficient as set forth in Table 17.5-1 for the effective damping of the isolation
system PBwm, at the displacement Dy,
Table 17.5-1 Damping Coefficient, B4 or Bm
Effective Damping, B or B (percentage of critical)*® Bpor By Factor
<2 08
5 10
10 12
20 15
30 17
40 19
250 2.0
2The damping coefficient shall be based on the effective damping of the isolation system determined in accordance with the
requirements of Section 17.2.8.6.
The damping coefficient shall be based on linear interpolation for effective damping values other than those given.
17.5.3.2 Effective Period at the Maximum Displacement

The effective period of the isolated structure, Tw, at the maximum displacement, Dy, shall be determined
using upper-bound and lower-bound deformational characteristics of the isolation system and Eq. 17.5-2:

W

Ty =27 ”
m9 (17.5-2)

where

W = effective seismic weight of the structure above the isolation interface as defined in Section
12.7.2

effective stiffness in Kips/in. (kN/mm) of the isolation system at the maximum displacement,
Dw, as prescribed by Eq. 17.2-3

g = acceleration due to gravity, in units of in./s?> (mm/s?) if the units of kv are in kips/in. (KN/mm)

K

66



Part 1, Provisions

17.5.3.3 Total Maximum Displacement

The total maximum displacement, Dtm, of elements of the isolation system shall include additional
displacement due to actual and accidental torsion calculated from the spatial distribution of the lateral
stiffness of the isolation system and the most disadvantageous location of eccentric mass. The total
maximum displacement, Dym, of elements of an isolation system shall not be taken as less than that

prescribed by Eq. 17.5-3:
y 12e
P =D {“ (p—jm}
! (17.5-3)

= displacement at the center of rigidity of the isolation system in the direction under
consideration as prescribed by Eq. 17.5-1

the distance in in. (mm) between the centers of rigidity of the isolation system and the
element of interest measured perpendicular to the direction of seismic loading under
consideration

e = the actual eccentricity measured in plan between the center of mass of the structure above
the isolation interface and the center of rigidity of the isolation system, plus accidental
eccentricity, in ft. (mm), taken as 5 percent of the longest plan dimension of the structure
perpendicular to the direction of force under consideration

b = the shortest plan dimension of the structure in ft. (mm) measured perpendicular to d
d = the longest plan dimension of the structure in ft. (mm) measured perpendicular to b

Pr = ratio of the effective translational period of the isolation system to the effective torsional
period of the isolation system, as calculated by dynamic analysis or as prescribed by Eg.
17.5-4, but need not be taken as less than 1.0

where

O
<
I

<
1

Pr =

1
r
! (17.5-4)
where:
Xi, i = horizontal distances in ft. (mm) from the center of mass to the i isolator unit in the two
horizontal axes of the isolation system

N = number of isolator units

r = radius of gyration of the isolation system in ft. (mm), which is equal to (b? + d?)¥2/12 for
isolation systems of rectangular plan dimension, b x d

b = the shortest plan dimension of the structure in ft. (mm) measured perpendicular to d
d = the longest plan dimension of the structure in ft. (mm) measured perpendicular to b

The total maximum displacement, Drw, shall not be taken as less than 1.1 times Dw.
1754 Minimum Lateral Forces Required for Design

17.54.1 Isolation System and Structural Elements below the Base Level

The isolation system, the foundation, and all structural elements below the base level shall be designed and
constructed to withstand a minimum lateral seismic force, Vy, using all of the applicable requirements for
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a non-isolated structure and as prescribed by the value of Eq. 17.5-5, determined using both upper-bound
and lower-bound isolation system properties:

Vp = kmDw (17.5-5)
where
km = effective stiffness, in kips/in. (KN/mm), of the isolation system at the displacement Dy, as
prescribed by Eq. 17.2-3
Dm = maximum displacement, in in. (mm), at the center of rigidity of the isolation system in the

direction under consideration, as prescribed by Eq. 17.5-3

Vy shall not be taken as less than the maximum force in the isolation system at any displacement up to
and including the maximum displacement Dy, as defined in Section 17.5.3.

Overturning loads on elements of the isolation system, the foundation, and structural elements below
the base level due to lateral seismic force Vy shall be based on the vertical distribution of force of Section
17.5.5, except that the unreduced lateral seismic design force Vi shall be used in lieu of Vs in Eq. 17.5-9.

17.5.4.2 Structural Elements above the Base Level

The structure above the base level shall be designed and constructed using all of the applicable requirements
for a non-isolated structure for a minimum shear force, Vs, determined using upper-bound and lower-bound
isolation system properties, as prescribed by Eq. 17.5-6:

(17.5-6)
where

R = numerical coefficient related to the type of seismic force-resisting system above the isolation
system

Ve = total unreduced lateral seismic design force or shear on elements above the base level, as
prescribed by Eq. 17.5-7

The R, factor shall be based on the type of seismic force-resisting system used for the structure above
the base level in the direction of interest and shall be three-eighths of the value of R given in Table 12.2-1,
with a maximum value not greater than 2.0 and a minimum value not less than 1.0.

EXCEPTION: The value of R, is permitted to be taken greater than 2.0, provided the strength of
structure above the base level in the direction of interest, as determined by nonlinear static analysis at a roof
displacement corresponding to a maximum story drift the lesser of the MCE design drift or 0.015 hs, is not
less than 1.1 times Vb,

The total unreduced lateral seismic force or shear on elements above the base level shall be determined
using upper-bound and lower-bound isolation system properties, as prescribed by Eq. 17.5-7:

(1-2.56m)
Vst = Vb [%j

w (17.5-7)

where

W = effective seismic weight, in kips (kN) of the structure above the isolation interface as defined
in Section 12.7.2, in kip (KN)
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W; = effective seismic weight, in kips (KN) of the structure above the isolation interface as defined
in Section 12.7.2, in kips (kN), excluding the effective seismic weight, in kips (kN), of the
base level

The effective seismic weight Ws in Equation 17.5.7 shall be taken as equal to W when the average
distance from top of isolator to the underside of base level floor framing above the isolators exceeds 3 feet.

EXCEPTION: For isolation systems whose hysteretic behavior is characterized by an abrupt transition
from pre-yield to post-yield or pre-slip to post-slip behavior, the exponent term (1-2.5Bwm) in equation (17.5-
7) shall be replaced by (1-3.5Bm).

17.5.4.3 Limits on Vs
The value of Vs shall not be taken as less than each of the following:

1. The lateral seismic force required by Section 12.8 for a fixed-base structure of the same effective

seismic weight, Ws, and a period equal to the period of the isolation system using the upper bound

properties T .

The base shear corresponding to the factored design wind load.

3. The lateral seismic force, Vs, calculated using Eq. 17.5-7, and with V, set equal to the force
required to fully activate the isolation system utilizing the greater of the upper bound properties,
or

n

1.5 times the nominal properties, for the yield level of a softening system,

the ultimate capacity of a sacrificial wind-restraint system,

the break-away friction force of a sliding system, or

the force at zero displacement of a sliding system following a complete dynamic cycle of
motion at D.

oo oe

17.5.5 Vertical Distribution of Force

The lateral seismic force Vs shall be distributed over the height of the structure above the base level, using
upper-bound and lower-bound isolation system properties, using the following equations:

Fl = (Vb _Vst)/ RI

(17.5-8)
and P =CuV, (17.5-9)
w, h¥
CVX = n —
> wh
and i=2 (17.5-10)
and k=14/To (17.5-11)
where

F. = lateral seismic force, in kips (or kN) induced at Level 1, the base level
Fx = lateral seismic force, in kips (or kN) induced at Level x, x>1
Cw = vertical distribution factor

Vs = total lateral seismic design force or shear on elements above the base level as prescribed by
Eq. 17.5-6 and the limits of Section 17.5.4.3

Wy = portion of Ws that is located at or assigned to Level i or x
« = height above the isolation interface of Level i or x
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Tw = the fundamental period, in s, of the structure above the isolation interface determined using a
rational modal analysis assuming fixed-base conditions

EXCEPTION: In lieu of Equation (17.5-7 and 17.5-9), the lateral seismic force Fy is permitted to be
calculated as the average value of the force at Level x in the direction of interest using the results of a
simplified stick model of the building and a lumped representation of the isolation system using response
history analysis scaled to Vu/R, at the base level.

17.5.6 Drift Limits

The maximum story drift of the structure above the isolation system shall not exceed 0.015hs.. The drift
shall be calculated by Eq. 12.8-15 with Cg4 for the isolated structure equal to R, as defined in Section 17.5.4.2.

17.6 DYNAMIC ANALYSIS PROCEDURES
17.6.1 General

Where dynamic analysis is used to design seismically isolated structures, the requirements of this section
shall apply.

17.6.2 Modeling

The mathematical models of the isolated structure including the isolation system, the seismic force-resisting
system, and other structural elements shall conform to Section 12.7.3 and to the requirements of Sections
17.6.2.1and 17.6.2.2.

17.6.2.1 Isolation System

The isolation system shall be modeled using deformational characteristics developed in accordance with
Section 17.2.8. The lateral displacements and forces shall be computed separately for upper-bound and
lower-bound isolation system properties as defined in Section 17.2.8.5. The isolation system shall be
modeled with sufficient detail to capture all of the following:

1. Spatial distribution of isolator units.

2. Translation, in both horizontal directions, and torsion of the structure above the isolation interface
considering the most disadvantageous location of eccentric mass.

3. Overturning/uplift forces on individual isolator units.

4. Effects of vertical load, bilateral load, and/or the rate of loading if the force-deflection properties
of the isolation system are dependent on one or more of these attributes.

The total maximum displacement, Drw, across the isolation system shall be calculated using a model
of the isolated structure that incorporates the force-deflection characteristics of nonlinear elements of the
isolation system and the seismic force-resisting system.

17.6.2.2 Isolated Structure

The maximum displacement of each floor and design forces and displacements in elements of the seismic
force-resisting system are permitted to be calculated using a linear elastic model of the isolated structure
provided that all elements of the seismic force-resisting system of the structure above the isolation system
remain essentially elastic.

Seismic force-resisting systems with essentially elastic elements include, but are not limited to, regular
structural systems designed for a lateral force not less than 100 percent of Vs determined in accordance with
Sections 17.5.4.2 and 17.5.4.3.
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The analysis of the isolation system and structure shall be performed separately for upper-bound and
lower-bound properties, and the governing case for each response parameter of interest shall be used for
design.

17.6.3 Description of Procedures

17.6.3.1 General

Response-spectrum analysis shall be performed in accordance with Section 12.9 and the requirements of
Section 17.6.3.3. Response history analysis shall be performed in accordance with the requirements of
Section 17.6.3.4.

17.6.3.2 MCEgr Ground Motions

The MCEr ground motions of Section 17.3 shall be used to calculate the lateral forces and displacements
in the isolated structure, the total maximum displacement of the isolation system, and the forces in the
isolator units, isolator unit connections, and supporting framing immediately above and below the isolators
used to resist isolator P-A demands.

17.6.3.3 Response-Spectrum Analysis Procedure

Response-spectrum analysis shall be performed using a modal damping value for the fundamental mode in
the direction of interest not greater than the effective damping of the isolation system or 30 percent of
critical, whichever is less. Modal damping values for higher modes shall be selected consistent with those
that would be appropriate for response-spectrum analysis of the structure above the isolation system
assuming a fixed base.

Response-spectrum analysis used to determine the total maximum displacement shall include
simultaneous excitation of the model by 100 percent of the ground motion in the critical direction and 30
percent of the ground motion in the perpendicular, horizontal direction. The maximum displacement of the
isolation system shall be calculated as the vector sum of the two orthogonal displacements.

17.6.3.4 Response-History Analysis Procedure

Response-history analysis shall be performed for a set of ground motion pairs selected and scaled in
accordance with Section 17.3.2. Each pair of ground motion components shall be applied simultaneously
to the model considering the most disadvantageous location of eccentric mass. The maximum displacement
of the isolation system shall be calculated from the vectorial sum of the two orthogonal displacements at
each time step.

The parameters of interest shall be calculated for each ground motion used for the response-history
analysis and the average value of the response parameter of interest shall be used for design.

For sites identified as near fault each pair of horizontal ground motion components shall be rotated to
the fault-normal and fault-parallel directions of the causative faults and applied to the building in such
orientation.

For all other sites, individual pairs of horizontal ground motion components need not be applied in
multiple orientations.

17.6.3.4.1 Accidental Mass Eccentricity

Torsional response resulting from lack of symmetry in mass and stiffness shall be accounted for in the
analysis. In addition, accidental eccentricity consisting of displacement of the center-of-mass from the
computed location by an amount equal to 5% of the diaphragm dimension, separately in each of two
orthogonal directions at the level under consideration.
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The effects of accidental eccentricity are permitted to be accounted for by amplifying forces, drifts and
deformations determined from an analysis using only the computed center-of-mass, provided that factors
used to amplify forces, drifts and deformations of the center-of-mass analysis are shown to produce results
that bound all the mass-eccentric cases.

17.6.4 Minimum Lateral Displacements and Forces

17.6.4.1 Isolation System and Structural Elements below the Base Level

The isolation system, foundation, and all structural elements below the base level shall be designed using
all of the applicable requirements for a non-isolated structure and the forces obtained from the dynamic
analysis without reduction, but the design lateral force shall not be taken as less than 90 percent of V,
determined by Eq. 17.5-5.

The total maximum displacement of the isolation system shall not be taken as less than 80 percent of
Dw as prescribed by Section 17.5.3.3 except that D'y is permitted to be used in lieu of Dy where:

DM

1+(T/Ty) (17.6-1)
and
Dw = maximum displacement in in. (mm), at the center of rigidity of the isolation system in the
direction under consideration, as prescribed by Eq. 17.5-1
T = elastic, fixed-base period, in s, of the structure above the isolation system as determined by
Section 12.8.2, and including the coefficient C,, if the approximate period formulas are used
to calculate the fundamental period
Tw = effective period, in s, of the seismically isolated structure, at the displacement Dy in the
direction under consideration, as prescribed by Eq. 17.5-2
17.6.4.2 Structural Elements above the Base Level

Subject to the procedure-specific limits of this section, structural elements above the base level shall be
designed using the applicable requirements for a non-isolated structure and the forces obtained from the
dynamic analysis reduced by a factor of R, as determined in accordance with Section 17.5.4.2.

For response spectrum analysis, the design shear at any story shall not be less than the story shear
resulting from application of the forces calculated using Eq. 17.5-9 and a value of V,, equal to the base shear
obtained from the response-spectrum analysis in the direction of interest.

For response history analysis of regular structures, the value of V, shall not be taken as less than 80
percent of that determined in accordance with 17.5.4.1, and the value V; shall not be taken as less than 100
percent of the limits specified by Section 17.5.4.3.

For response history analysis of irregular structures, the value of Vy, shall not be taken as less than 100
percent of that determined in accordance with 17.5.4.1, and the value V; shall not be taken as less than 100
percent of the limits specified by Section 17.5.4.3.

17.6.4.3 Scaling of Results

Where the factored lateral shear force on structural elements, determined using either response-spectrum or
response-history procedure, is less than the minimum values prescribed by Sections 17.6.4.1 and 17.6.4.2,
all design parameters shall be adjusted upward proportionally.
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17.6.4.4 Drift Limits

Maximum story drift corresponding to the design lateral force including displacement due to vertical
deformation of the isolation system shall comply with either of the following limits:

1. Where response spectra analysis is used the maximum story drift of the structure above the
isolation system shall not exceed 0.015hs.

2. Where response history analysis based on the force-deflection characteristics of nonlinear
elements of the seismic force-resisting system is used the maximum story drift of the structure
above the isolation system shall not exceed 0.020hs.

Drift shall be calculated using Eq. 12.8-15 with the Cq of the isolated structure equal to R, as defined in
Section 17.5.4.2.

The secondary effects of the maximum lateral displacement of the structure above the isolation system
combined with gravity forces shall be investigated if the story drift ratio exceeds 0.010/R;.

17.7 DESIGN REVIEW

An independent design review of the isolation system and related test programs shall be performed by one
or more individuals possessing knowledge of the following items with a minimum of one reviewer being a
registered design professional. Isolation system design review shall include, but not be limited to, all of the
following:

1. Project design criteria including site-specific spectra and ground motion histories.

2. Preliminary design including the selection of the devices, determination of the total design
displacement, the total maximum displacement, and the lateral force level.

3. Review of qualification data and appropriate property modification factors for the manufacturer

and device selected.

Prototype testing program (Section 17.8).

Final design of the entire structural system and all supporting analyses including modelling of

isolators for response history analysis if performed.

6. Isolator production testing program (Section 17.8.5).

o ks

17.8 TESTING

17.8.1 General

The deformation characteristics and damping values of the isolation system used in the design and analysis
of seismically isolated structures shall be based on tests of a selected sample of the components prior to
construction as described in this section. The isolation system components to be tested shall include the
wind-restraint system if such a system is used in the design.

The tests specified in this section are for establishing and validating the isolator unit and isolation
system test properties which are used to determine design properties of the isolation system in accordance
Section 17.2.8.

17.8.1.2 Qualification Tests

Isolation device manufacturers shall submit for approval by the registered design professional the results
of qualification tests, analysis of test data and supporting scientific studies that may be used to quantify the
effects of heating due to cyclic dynamic motion, loading rate, scragging, variability and uncertainty in
production bearing properties, temperature, aging, environmental exposure, and contamination. The
qualification testing shall be applicable to the component types, models, materials and sizes to be used in
the construction. The qualification testing shall have been performed on components manufactured by the
same manufacturer supplying the components to be used in the construction. When scaled specimens are
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used in the qualification testing, principles of scaling and similarity shall be used in the interpretation of the
data.

17.8.2 Prototype Tests

Prototype tests shall be performed separately on two full-size specimens (or sets of specimens, as
appropriate) of each predominant type and size of isolator unit of the isolation system. The test specimens
shall include the wind-restraint system if such a system is used in the design. Specimens tested shall not be
used for construction unless accepted by the registered design professional responsible for the design of the
structure.

17.8.2.1 Record

For each cycle of each test, the force-deflection behavior of the test specimen shall be recorded.

17.8.2.2 Sequence and Cycles

Each of The following sequence of tests shall be performed for the prescribed number of cycles at a vertical
load equal to the average dead load plus one-half the effects due to live load on all isolator units of a
common type and size:

1. Twenty fully reversed cycles of loading at a lateral force corresponding to the wind design force.
2. The sequence of either item (a) or item (b) below shall be performed:

a. Three fully reversed cycles of loading at each of the following increments of the
displacement — 0.25Dwm, 0.5Dwm, 0.67Dw, and 1.0Dm where Dy is determined in Section
17.5.3.1 or Section 17.6, as appropriate.

b. The following sequence, performed dynamically at the effective period, Tm: continuous
loading of one fully-reversed cycle at each of the following increments of the total
maximum displacement 1.0 Dy, 0.67 Du, 0.5 Dw and 0.25 Dw followed by continuous
loading of one fully-reversed cycle at 0.25 Dy, 0.5 Dy, 0.67 Du, and 1.0 Du. A restinterval
is permitted between these two sequences.

3. Three fully reversed cycles of loading at the maximum displacement, 1.0Dw.
4. The sequence of either item (a) or item (b) below shall be performed:

a. 30Sm1/(SmsBwm), but not less than 10, continuous fully reversed cycles of loading at 0.75
times the total maximum displacement, 0.75Dw.

b. Thetestof 17.8.2.2.4. (a), performed dynamically at the effective period, Tm. This test may
comprise separate sets of multiple cycles of loading, with each set consisting of not less
than five continuous cycles.

If an isolator unit is also a vertical-load-carrying element, then item 2 of the sequence of cyclic tests
specified in the preceding text shall be performed for two additional vertical load cases specified in Section
17.2.7.1. The load increment due to earthquake overturning, Qg, shall be equal to or greater than the peak
earthquake vertical force response corresponding to the test displacement being evaluated. In these tests,
the combined vertical load shall be taken as the typical or average downward force on all isolator units of
a common type and size. Axial load and displacement values for each test shall be the greater of those
determined by analysis using upper-bound and lower-bound values of isolation system properties
determined in accordance with Section 17.2.8.5. The effective period Twm shall be the lower of those
determined by analysis using upper-bound and lower-bound values.

17.8.2.3 Dynamic Testing

Tests specified in Section 17.8.2.2 shall be performed dynamically at the lower of the effective periods, Tw,
determined using upper-bound and lower-bound properties.
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Dynamic testing shall not be required if the prototype testing has been performed dynamically on
similar sized isolators meeting the requirements of Section 17.8.2.7, and the testing was conducted at similar
loads and accounted for the effects of velocity, amplitude of displacement, and heating affects.

Only if full scale testing is not possible reduced-scale prototype specimens can be used to quantify rate-
dependent properties of isolators. The reduced-scale prototype specimens shall be of the same type and
material and be manufactured with the same processes and quality as full-scale prototypes and shall be
tested at a frequency that represents full-scale prototype loading rates

17.8.2.4 Units Dependent on Bilateral Load

If the force-deflection properties of the isolator units exhibit bilateral load dependence, the tests specified
in Sections 17.8.2.2 and 17.8.2.3 shall be augmented to include bilateral load at the following increments
of the total design displacement, Dm: 0.25 and 1.0, 0.5 and 1.0, 0.67 and 1.0, and 1.0 and 1.0.

If reduced-scale specimens are used to quantify bilateral-load-dependent properties they shall meet the
requirements of Section 17.8.2.7. The reduced-scale specimens shall be of the same type and material and
manufactured with the same processes and quality as full-scale prototypes.

The force-deflection properties of an isolator unit shall be considered to be dependent on bilateral load
if the effective stiffness where subjected to bilateral loading is different from the effective stiffness where
subjected to unilateral loading, by more than 15 percent.

17.8.2.5 Maximum and Minimum Vertical Load

Isolator units that carry vertical load shall be subjected to one fully reversed cycle of loading at the total
maximum displacement, Dtm, and at each of the vertical loads corresponding to the maximum and
minimum downward vertical loads as specified in Section 17.2.7.1 on any one isolator of a common type
and size. Axial load and displacement values for each test shall be the greater of those determined by
analysis using the upper-bound and lower-bound values of isolation system properties determined in
accordance with Section 17.2.8.5.

EXCEPTION: In lieu of envelope values for a single test, it shall be acceptable to perform two tests,
one each for the combination of vertical load and horizontal displacement obtained from analysis using the
upper-bound and lower-bound values of isolation system properties, respectively, determined in accordance
with Section 17.2.8.5.

17.8.2.6 Sacrificial Wind-Restraint Systems

If a sacrificial wind-restraint system is to be utilized, its ultimate capacity shall be established by test.

17.8.2.7 Testing Similar Units

Prototype tests need not be performed if an isolator unit when compared to another tested unit, complies
with all of the following criteria:

1. The isolator design is not more than 15% larger nor more than 30% smaller than the previously
tested prototype, in terms of governing device dimensions; and

2. Is of the same type and materials; and

3. Has an energy dissipated per cycle, Eioop, that is not less than 85% of the previously tested unit,
and

4. |Is fabricated by the same manufacturer using the same or more stringent documented
manufacturing and quality control procedures.

5. For elastomeric type isolators, the design shall not be subject to a greater shear strain nor greater
vertical stress than that of the previously tested prototype.
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6. For sliding type isolators, the design shall not be subject to a greater vertical stress or sliding
velocity than that of the previously tested prototype using the same sliding material.

The prototype testing exemption above shall be approved by independent design review, as specified
in Section 17.7.

17.8.3 Determination of Force-Deflection Characteristics

The force-deflection characteristics of an isolator unit shall be based on the cyclic load tests of prototype
isolators specified in Section 17.8.2.

As required, the effective stiffness of an isolator unit, ke, shall be calculated for each cycle of loading
as prescribed by Eq. 17.8-1:

_IFelE
SEN

k
(17.8-1)

where F* and F~ are the positive and negative forces, at the maximum positive and minimum negative
displacements A* and A-, respectively.

As required, the effective damping, Besr, Of an isolator unit shall be calculated for each cycle of loading
by Eq. 17.8-2:
2 EIoop

Ty (]N +‘A‘D2

=

eff —

(17.8-2)

where the energy dissipated per cycle of loading, Eiop, and the effective stiffness, ke, shall be based on
peak test displacements of A* and A~

As required, the post-yield stiffness, kq, of each isolator unit shall be calculated for each cycle of loading
using the following assumptions:

1. A test loop shall be assumed to have a bilinear hysteretic characteristics with values of ki, kq, Fo,
Fy, Kerr, and Ejoop @s shown in Figure 17.8.3-1

2. The computed loop shall have the same values of effective stiffness, ke, and energy dissipated per
cycle of loading, Eieop, as the test loop.

3. The assumed value of ki shall be a visual fit to the elastic stiffness of the isolator unit during
unloading immediately after Dw.
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FIGURE 17.8.3-1 Nominal Properties of the Isolator Bilinear Force-Deflection Model

It is permitted to use different methods for fitting the loop, such as a straight-line fit of kqdirectly to the
hysteresis curve and then determining ki to match Eioop, Or defining Dy and Fy by visual fit and then
determining kq to match Ejop.

17.84 Test Specimen Adequacy

The performance of the test specimens shall be deemed adequate if all of the following conditions are
satisfied:

1. The force-deflection plots for all tests specified in Section 17.8.2 have a positive incremental
force-resisting capacity.

2. The average post-yield stiffness, kq, and energy dissipated per cycle, Eioop, for the three cycles of
test specified in Section 17.8.2.2(3) for the vertical load equal to the average dead load plus one-
half the effects due to live load, including the effects of heating and rate of loading in accordance
with Section 17.2.8.3, shall fall within the range of the nominal design values defined by the
permissible individual isolator range which are typically +/-5% greater than the A (spec, miny and A
(spec, max) Fange for the average of all isolators.

3. For each increment of test displacement specified in item 2 and item 3 of Section 17.8.2.2 and for
each vertical load case specified in Section 17.8.2.2,

4. For each test specimen the value of the post-yield stiffness, kq, at each of the cycles of test at a
common displacement shall fall within the range defined by Aest, miny and Aest, max) Multiplied by
the nominal value of post-yield stiffness.

5. For each cycle of test, the difference between post-yield stiffness, kq, effective stiffness of the two
test specimens of a common type and size of the isolator unit and the average effective stiffness
is no greater than 15 percent.

6. For each specimen there is no greater than a 20 percent change in the initial effective stiffness
over the cycles of test specified in item 4 of Section 17.8.2.2.

7. For each test specimen the value of the post-yield stiffness, kq, and energy dissipated per cycle,
Eioop, fOr any cycle of each set of five cycles of test 17.8.2.2.4 shall fall within the range of the
nominal design values defined by 2 est, min) and A (test, max)-

77



2015 NEHRP Provisions

8. For each specimen there is no greater than a 20 percent decrease in the initial effective damping
over the cycles of test specified in item 4 of Section 17.8.2.2.

9. All specimens of vertical-load-carrying elements of the isolation system remain stable where
tested in accordance with Section 17.8.2.5.

Effective Damping, BM (percentage of critical) BM Factor
<2 0.8
5 1.0
10 1.2
20 15
30 1.7
40 19
250 2.0

EXCEPTION: The registered design professional is permitted to adjust the limits of items 2, 3 and 4
to account for the property variation factors of Section 17.2.8 used for design of the isolation system.

17.8.5 Production Tests

A test program for the isolator units used in the construction shall be established by the registered design
professional. The test program shall evaluate the consistency of measured values of nominal isolator unit
properties by testing 100% of the isolators in combined compression and shear at not less than two-thirds
of the maximum displacement, Dy, determined using lower bound properties.

The mean results of all tests shall fall within the range of values defined by the A(spec, max) and A(spec, min)
values established in Section 17.2.8.4. A different range of values is permitted to be used for individual
isolator units and for the average value across all isolators of a given unit type provided that differences in
the ranges of values are accounted for in the design of the each element of the isolation system, as prescribed
in Section 17.2.8.4.

78



Part 1, Provisions

CHAPTER 18, SEISMIC DESIGN REQUIREMENTS FOR STRUCTURES
WITH DAMPING SYSTEMS

(Replacement)

18.1 GENERAL

18.1.1 Scope

Every structure with a damping system and every portion thereof shall be designed and constructed in
accordance with the requirements of this standard as modified by this Chapter. Where damping devices are
used across the isolation interface of a seismically isolated structure, displacements, velocities, and
accelerations shall be determined in accordance with Chapter 17.

18.1.2 Definitions
The following definitions apply to the provisions of Chapter 18:

DAMPING DEVICE: A flexible structural element of the damping system that dissipates energy due
to relative motion of each end of the device. Damping devices include all pins, bolts, gusset plates, brace
extensions, and other components required to connect damping devices to the other elements of the
structure. Damping devices is permitted to be classified as either displacement-dependent or velocity-
dependent, or a combination thereof, and is permitted to be configured to act in either a linear or nonlinear
manner.

DAMPING SYSTEM: The collection of structural elements that includes all the individual damping
devices, all structural elements or bracing required to transfer forces from damping devices to the base of
the structure, and the structural elements required to transfer forces from damping devices to the seismic
force-resisting system.

DISPLACEMENT-DEPENDENT DAMPING DEVICE: The force response of a displacement-
dependent damping device is primarily a function of the relative displacement between each end of the
device. The response is substantially independent of the relative velocity between each of the devices and/or
the excitation frequency.

FORCE-CONTROLLED ELEMENTS: Element actions for which reliable inelastic deformation
capacity is not achievable without critical strength decay.

VELOCITY-DEPENDENT DAMPING DEVICE: The force-displacement relation for a velocity-
dependent damping device is primarily a function of the relative velocity between each end of the device
and could also be a function of the relative displacement between each end of the device.

18.1.3 Notation
The following notations apply to the provisions of this chapter:
Bio = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to fm (m =1)
and period of structure equal to Tip

B:ie = numerical coefficient as set forth in Table 18.7-1 for the effective damping equal to Bi + Bw1
and period equal to Ty

Bim = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bnm (M = 1)
and period of structure equal to Tim

Bmp = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bm and
period of structure equal to T

79



2015 NEHRP Provisions

Bimm
Br

BV+I

Cnrp

Curv
Cs1

Csm
Csr
Dip
Dim
Dmp
Dmm
Dro

Drm

Eloop
fi
Fi1

Fim

hi
hn
qn
Qosp

numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bmm and
period of structure equal to T,

numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Br and period
of structure equal to Tr

numerical coefficient as set forth in Table 18.7-1 for effective damping equal to the sum of
viscous damping in the fundamental mode of vibration of the structure in the direction of
interest, Bvm (M = 1), plus inherent damping, B, and period of structure equal to T;

force coefficient as set forth in Table 18.7-2
force coefficient as set forth in Table 18.7-3

seismic response coefficient of the fundamental mode of vibration of the structure in the
direction of interest, Section 18.7.1.2.4 or 18.7.2.2.4 (m = 1)

seismic response coefficient of the m™ mode of vibration of the structure in the direction of
interest, Section 18.7.1.2.4.4 (m = 1) or Section 18.7.1.2.6 (m > 1)

seismic response coefficient of the residual mode of vibration of the structure in the direction
of interest, Section 18.7.2.2.8

fundamental mode design displacement at the center of rigidity of the roof level of the
structure in the direction under consideration, Section 18.7.2.3.2

fundamental mode MCERr displacement at the center of rigidity of the roof level of the
structure in the direction under consideration, Section 18.7.2.3.5

design displacement at the center of rigidity of the roof level of the structure due to the m®
mode of vibration in the direction under consideration, Section 18.7.1.3.2

MCER displacement at the center of rigidity of the roof level of the structure due to the m™
mode of vibration in the direction under consideration, Section 18.7.1.3.5

residual mode design displacement at the center of rigidity of the roof level of the structure
in the direction under consideration, Section 18.7.2.3.2

residual mode MCEg displacement at the center of rigidity of the roof level of the structure
in the direction under consideration, Section 18.7.2.3.5

displacement at the center of rigidity of the roof level of the structure at the effective yield
point of the seismic force-resisting system, Section 18.7.3.3

area of one load-displacement hysteresis loop, Section 18.6.1.5.1

lateral force at Level i of the structure distributed approximately in accordance with Section
12.8.3, Section 18.7.2.2.3

inertial force at Level i (or mass point i) in the fundamental mode of vibration of the structure
in the direction of interest, Section 18.7.2.2.9

inertial force at Level i (or mass point i) in the m™ mode of vibration of the structure in the
direction of interest, Section 18.7.1.2.7

inertial force at Level i (or mass point i) in the residual mode of vibration of the structure in
the direction of interest, Section 18.7.2.2.9

the height above the base to Level i, Section 18.7.2.2.3
the structural height, Section 18.7.2.2.3
hysteresis loop adjustment factor as determined in Section 18.7.3.2.2.1

force in an element of the damping system required to resist design seismic forces of
displacement-dependent damping devices, Section 18.7.4.5

seismic design force in each element of the damping system, Section 18.7.4.5
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Qmbsv

Qmsrrs

T1
Tip

Tim

Tm
Tr
Vi
Vi
Vimin

Vr

Wi
W,

W

m

Wi

ij

=

BmD
Bmm
BHp

force in an element of the damping system required to resist design seismic forces of velocity-
dependent damping devices due to the m™ mode of vibration of the structure in the direction
of interest, Section 18.7.4.5

force in an element of the damping system equal to the design seismic force of the m™" mode
of vibration of the structure in the direction of interest, Section 18.7.4.5

the fundamental period of the structure in the direction under consideration

effective period, in seconds, of the fundamental mode of vibration of the structure at the
design displacement in the direction under consideration, as prescribed by Section 18.7.1.2.5
or 18.7.2.2.5

effective period, in seconds, of the fundamental mode of vibration of the structure at the
MCERr displacement in the direction under consideration, as prescribed by Section 18.7.1.2.5
or18.7.2.2.5

period, in seconds, of the m" mode of vibration of the structure in the direction under
consideration, Section 18.7.1.2.6

period, in seconds, of the residual mode of vibration of the structure in the direction under
consideration, Section 18.7.2.2.7

design value of the seismic base shear of the fundamental mode in a given direction of
response, as determined in Section 18.7.2.2.2, Section 18.7.2.2.1

design value of the seismic base shear of the m™" mode of vibration of the structure in the
direction of interest, Section 18.7.1.2.2

minimum allowable value of base shear permitted for design of the seismic force-resisting
system of the structure in the direction of interest, Section 18.2.1.1

design value of the seismic base shear of the residual mode of vibration of the structure in a
given direction, as determined in Section 18.7.2.2.6

effective seismic weight of the i" floor of the structure, Section 18.7.1.2.2

effective fundamental mode seismic weight determined in accordance with Eq. 18.7-2b for
m=1

effective seismic weight of the m™ mode of vibration of the structure, Section 18.7.1.2.2

maximum strain energy in the m" mode of vibration of the structure in the direction of interest
at modal displacements, &im, Section 18.7.3.2.2.1

work done by j™ damping device in one complete cycle of dynamic response corresponding
to the m™ mode of vibration of the structure in the direction of interest at modal
displacements, dim, Section 18.7.3.2.2.1

effective residual mode seismic weight determined in accordance with Eq. 18.7-30
velocity exponent relating damping device force to damping device velocity

total effective damping of the m™ mode of vibration of the structure in the direction of interest
at the design displacement, Section 18.7.3.2

total effective damping of the m™" mode of vibration of the structure in the direction of interest
at the MCEr displacement, Section 18.7.3.2

component of effective damping of the structure in the direction of interest due to post-yield
hysteretic behavior of the seismic force-resisting system and elements of the damping system
at effective ductility demand pp, Section 18.7.3.2.2
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Brm

Bi

Br
Bym
di
ditp
dip
dim
dirD
dim
dimb
A1p

Ap
Am
Amp

ArD

D

Hm

MUmax =

i1
d)im

component of effective damping of the structure in the direction of interest due to post-yield
hysteretic behavior of the seismic force-resisting system and elements of the damping system
at effective ductility demand, pwv, Section 18.7.3.2.2

component of effective damping of the structure due to the inherent dissipation of energy by
elements of the structure, at or just below the effective yield displacement of the seismic
force-resisting system, Section 18.7.3.2.1

total effective damping in the residual mode of vibration of the structure in the direction of
interest, calculated in accordance with Section 18.7.3.2 (using up = 1.0 and um = 1.0)

component of effective damping of the m™ mode of vibration of the structure in the direction
of interest due to viscous dissipation of energy by the damping system, at or just below the
effective yield displacement of the seismic force-resisting system, Section 18.7.3.2.3

elastic deflection of Level i of the structure due to applied lateral force, fi, Section 18.7.2.2.3

fundamental mode design deflection of Level i at the center of rigidity of the structure in the
direction under consideration, Section 18.7.2.3.1

total design deflection of Level i at the center of rigidity of the structure in the direction under
consideration, Section 18.7.2.3

total MCEr deflection of Level i at the center of rigidity of the structure in the direction under
consideration, Section 18.7.2.3

residual mode design deflection of Level i at the center of rigidity of the structure in the
direction under consideration, Section 18.7.2.3.1

deflection of Level i in the m™" mode of vibration at the center of rigidity of the structure in
the direction under consideration, Section 18.7.3.2.3

design deflection of Level i in the m™" mode of vibration at the center of rigidity of the
structure in the direction under consideration, Section 18.7.1.3.1

design story drift due to the fundamental mode of vibration of the structure in the direction
of interest, Section 18.7.2.3.3

total design story drift of the structure in the direction of interest, Section 18.7.2.3.3
total MCER story drift of the structure in the direction of interest, Section 18.7.2.3

design story drift due to the m™ mode of vibration of the structure in the direction of interest,
Section 18.7.1.3.3

design story drift due to the residual mode of vibration of the structure in the direction of
interest, Section 18.7.2.3.3

effective ductility demand on the seismic force-resisting system in the direction of interest

effective ductility demand on the seismic force-resisting system in the direction of interest
due to the design earthquake ground motions, Section 18.7.3.3

effective ductility demand on the seismic force-resisting system in the direction of interest
due to the MCEr ground motions, Section 18.7.3.3

maximum allowable effective ductility demand on the seismic force-resisting system due to
the design earthquake ground motions, Section 18.7.3.4

displacement amplitude at Level i of the fundamental mode of vibration of the structure in
the direction of interest, normalized to unity at the roof level, Section 18.7.2.2.3

displacement amplitude at Level i of the m™ mode of vibration of the structure in the direction
of interest, normalized to unity at the roof level, Section 18.7.1.2.2
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Oir
I
I'm
I'r

A (ae,max)

A (ae,min)

A (test max)
A (testmin)
Amax

Amin

A (spec,max)

A (spec,min)

Vo
Vip

Vm
vmD

VrD

18.2
18.2.1

displacement amplitude at Level i of the residual mode of vibration of the structure in the
direction of interest normalized to unity at the roof level, Section 18.7.2.2.7

participation factor of the fundamental mode of vibration of the structure in the direction of
interest, Section 18.7.1.2.3 or 18.7.2.2.3 (m = 1)

participation factor in the m™™ mode of vibration of the structure in the direction of interest,
Section 18.7.1.2.3

participation factor of the residual mode of vibration of the structure in the direction of
interest, Section 18.7.2.2.7

factor to represent possible variation in damper properties above the tested values due to
aging and environmental effects — this is a multiple of all the individual aging and
environmental effects, Section 18.2.4.5

factor to represent possible variation in damper properties below the tested values due to
aging and environmental effects - this is a multiple of all the individual aging and
environmental effects, Section 18.2.4.5

factor to represent possible variations in damper properties above the nominal values
obtained from the prototype tests - this is a multiple of all the testing effects, Section 18.2.4.5

factor to represent possible variations in damper properties below the nominal values
obtained from the prototype tests - this is a multiple of all the testing effects, Section 18.2.4.5

factor to represent possible total variation in damper properties above the nominal properties,
Section 18.2.4.5

factor to represent possible total variation in damper properties below the nominal properties,
Section 18.2.4.5

factor to represent permissible variation in production damper nominal properties above
those assumed in design, Section 18.2.4.5

factor to represent permissible variation in production damper nominal properties below
those assumed in design, Section 18.2.4.5

total design story velocity of the structure in the direction of interest, Section 18.7.1.3.4

design story velocity due to the fundamental mode of vibration of the structure in the
direction of interest, Section 18.7.2.3.4

total MCER story velocity of the structure in the direction of interest, Section 18.7.2.3

design story velocity due to the m™" mode of vibration of the structure in the direction of
interest, Section 18.7.1.3.4

design story velocity due to the residual mode of vibration of the structure in the direction of
interest, Section 18.7.2.3.4

GENERAL DESIGN REQUIREMENTS

System Requirements

Design of the structure shall consider the basic requirements for the seismic force-resisting system and the
damping system as defined in the following sections. The seismic force-resisting system shall have the
required strength to meet the forces defined in Section 18.2.2.1. The combination of the seismic force-
resisting system and the damping system is permitted to be used to meet the drift requirement.
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18.2.1.1 Seismic Force-Resisting System

Structures that contain a damping system shall have a seismic force-resisting system that, in each lateral
direction, conforms to one of the types indicated in Table 12.2-1.

The design of the seismic force-resisting system in each direction shall satisfy minimum base shear
requirements as listed in this section and the requirements of Section 18.4 for all methods of analysis
including the Nonlinear Response History Procedure of Section 18.3 is used, and Section 18.7.4 if either
the Response Spectrum Procedure of Section 18.7.1 or the Equivalent Lateral Force procedure of Section
18.7.2 is used.

The seismic base shear used for design of the seismic force-resisting system shall not be less than Vpin,
where Vmin is determined as the greater of the values computed using Egs. 18.2-1 and 18.2-2:

Viin = BVL
+1 (18.2-1)
Vin = 0.75V (18.2-2)
where
V = seismic base shear in the direction of interest, determined in accordance with Section 12.8
Bv+1 = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to the sum of

viscous damping in the fundamental mode of vibration of the structure in the direction of
interest, Bvm (M = 1), plus inherent damping, B, and period of structure equal to T,

EXCEPTION: The seismic base shear used for design of the seismic force-resisting system shall not
be taken as less than 1.0V, if either of the following conditions apply:

1. Inthe direction of interest, the damping system has less than two damping devices on each floor
level, configured to resist torsion.

2. The seismic force-resisting system has horizontal irregularity Type 1b (Table 12.3-1) or vertical
irregularity Type 1b (Table 12.3-2).

18.2.1.2 Damping System

Damping devices and all other components required to connect damping devices to the other elements of
the structure shall be designed to remain elastic for MCERg loads. Other elements of the damping system
are permitted to have inelastic response at MCEg if it is shown by analysis or test that inelastic response of
these elements would not adversely affect damping system function. If either the Response Spectrum
Procedure of Section 18.7.1 or the Equivalent Lateral Force procedure of Section 18.7.2 is used, the inelastic
response shall be limited in accordance with the requirements of Section 18.7.4.6.

Force-controlled elements of the damping system shall be designed for seismic forces that are increased
by 20% from those corresponding to average MCEr response.

18.2.2 Seismic Ground Motion Criteria

18.2.2.1 Design Earthquake and MCEgr Response Spectra

The response spectrum requirements of Sections 11.4.5 and 11.4.6 are permitted to be used to determine
the design earthquake and MCER response spectra for the site of interest. The site-specific ground motion
procedures set forth in Chapter 21 are also permitted to be used to determine ground motions for any
structure with a damping system.

For any structure with a damping system located on a Site Class F site, site response analysis shall be
performed in accordance with Section 21.1.
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18.2.2.2 Design Earthquake and MCEr Ground Motion Records

Where nonlinear response-history analysis procedures are used, design earthquake and MCEr ground
motion suites shall each consist of not less than seven pairs of horizontal acceleration components. Selected
and scaled from individual recorded events having magnitudes, fault distance and source mechanisms that
are consistent with those that control the design earthquake and MCEg events. Amplitude or spectral
matching is permitted to scale the ground motions. Where the required number of recorded ground motion
pairs is not available, simulated ground motion pairs are permitted to make up the total number required.

For each pair of horizontal ground motion components, a square root of the sum of the squares (SRSS)
spectrum shall be constructed by taking the SRSS of the 5 percent-damped response spectra for the scaled
components (when amplitude scaling is used an identical scale factor is applied to both components of a
pair). For both the design earthquake and the MCEr suites, each pair of motions shall be scaled such that
in the period range from 0.2T1p to 1.25T1m, the average of the SRSS spectra from all horizontal component
pairs does not fall below the corresponding ordinate of the response spectra used in the design, determined
in accordance with Section 18.2.2.1.

For records that are spectrally matched, for both the design earthquake and the MCEg, each pair of
motions shall be scaled such that in the period range from 0.2T1p to 1.25T 1w, the response spectrum of one
component of the pair is at least 90% of the corresponding ordinate of the response spectrum used in the
design, determined in accordance with Section 18.2.2.1.

For sites within 3 miles (5 km) of the active fault that controls the hazard, spectral matching shall not
be utilized unless the pulse characteristics of the near field ground motions are included in the site specific
response spectra, and pulse characteristics, when present in individual ground motions, are retained after
the matching process has been completed.

At sites within 3 miles (5 km) of the active fault that controls the hazard, for both the design earthquake
and the MCEg suites, each pair of components shall be rotated to the fault-normal and fault-parallel
directions of the causative fault and shall be scaled so that the average spectrum of the fault-normal
components is not less than the design or MCEr response spectrum, as appropriate, and the average
spectrum of the fault-parallel components is not less than 50% of the design or MCERr response spectrum,
as appropriate, for the period range from 0.2T1p to 1.25T1m.

18.2.3 Procedure Selection

Structures with a damping system provided for seismic resistance shall be analyzed and designed using the
nonlinear response history procedure of Section 18.3.

EXCEPTION: It shall be permitted to analyze and design the structure using the response spectrum
procedure of 18.7.1 subject to the limits of 18.2.3.1 or the equivalent lateral force procedure of Section
18.7.2 subject to the limits of Section 18.2.3.2.

18.2.3.1 Response-Spectrum Procedure

The response-spectrum procedure of Section 18.7.1 is permitted to be used for analysis and design provided
that all of the following conditions apply:

1. In each principal direction, the damping system has at least two damping devices in each story,
configured to resist torsion.

2. The total effective damping of the fundamental mode, Bmp (m = 1), of the structure in the direction
of interest is not greater than 35 percent of critical.

3. The S; value for the site is less than 0.6.
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18.2.3.2 Equivalent Lateral Force Procedure

The equivalent lateral force procedure of Section 18.7.2 is permitted to be used for analysis and design
provided that all of the following conditions apply:

1. In each principal direction, the damping system has at least two damping devices in each story,
configured to resist torsion.

2. The total effective damping of the fundamental mode, Bmp (M = 1), of the structure in the direction
of interest is not greater than 35 percent of critical.

3. The seismic force-resisting system does not have horizontal irregularity Type 1a or 1b (Table
12.3-1) or vertical irregularity Type 1a, 1b, 2, or 3 (Table 12.3-2).

4. Floor diaphragms are rigid as defined in Section 12.3.1.

5. The height of the structure above the base does not exceed 100 ft. (30 m).

6. The S; value for the site is less than 0.6.

18.2.4 Damping System

18.2.4.1 Device Design

The design, construction, and installation of damping devices shall be based on response to MCEr ground
motions and consideration of the all of the following:

Low-cycle, large-displacement degradation due to seismic loads.

High-cycle, small-displacement degradation due to wind, thermal, or other cyclic loads.

Forces or displacements due to gravity loads.

Adhesion of device parts due to corrosion or abrasion, biodegradation, moisture, or chemical
exposure.

5. Exposure to environmental conditions, including, but not limited to, temperature, humidity,
moisture, radiation (e.g., ultraviolet light), and reactive or corrosive substances (e.g., salt water).

el N =

Devices utilizing bi-metallic interfaces subject to cold welding of the sliding interface shall be
prohibited from use in a damping system.

Damping devices subject to failure by low-cycle fatigue shall resist wind forces without slip,
movement, or inelastic cycling.

The design of damping devices shall incorporate the range of thermal conditions, device wear,
manufacturing tolerances, and other effects that cause device properties to vary during the design life of the
device in accordance with Section 18.2.4.4. Ambient temperature shall be the normal in-service
temperature of the damping device. The design temperature range shall cover the annual minimum and
maximum in-service temperatures of the damping device.

18.2.4.2 Multiaxis Movement

Connection points of damping devices shall provide sufficient articulation to accommodate simultaneous
longitudinal, lateral, and vertical displacements of the damping system.

18.2.4.3 Inspection and Periodic Testing
Means of access for inspection and removal of all damping devices shall be provided.

The registered design professional responsible for design of the structure shall establish an inspection,
maintenance and testing schedule for each type of damping device to ensure that the devices respond in a
dependable manner throughout their design life. The degree of inspection and testing shall reflect the
established in-service history of the damping devices and the likelihood of change in properties over the
design life of the devices.
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18.2.4.4 Nominal Design Properties

Nominal design properties for energy dissipation devices shall be established from either project specific
prototype test data or prior prototype tests on devices of similar type and size. The nominal design properties
shall be based on data from prototype tests specified in Section 18.6.1.2 (2) and determined by Section
18.6.1.4 (2). These nominal design properties shall be modified by property variation or lambda () factors
as specified in Section 18.2.4.5.

18.2.4.5 Maximum and Minimum Damper Properties

Maximum and minimum property modification () factors shall be established in accordance with Eqgs 18.2-
3a and 18.2-3b for each device by the registered design professional and used in analysis and design to
account for the variation from nominal properties.

Amax = (1+ (075*(7\4 (ae, max) _1))) * A (test, max) * A(specmax) = 1.2 (182'33.)
7\-min = (1— (0-75*(1—7\- (ae, min)))) A (test, min) * x(spec,min) < 0.85 (182'3b)
where:

A aemax) = factor to represent possible variation in damper properties above the nominal values due to
aging and environmental effects - this is a multiple of all the individual aging and
environmental effects

A @eminy = factor to represent possible variation in damper properties below the nominal values due to

aging and environmental effects - this is a multiple of all the individual aging and
environmental effects

factor to represent possible variations in damper properties above the nominal values
obtained from the prototype tests - this is a multiple of all the testing effects

A estming = factor to represent possible variations in damper properties below the nominal values
obtained from the prototype tests - this is a multiple of all the testing effects

factor established by the registered design professional to represent permissible variation in
production damper properties above the nominal values

A spec,miny = factor established by the registered design professional to represent permissible variation in
production damper properties below the nominal values

A (test,max)

A (spec,max)

EXCEPTION: With test data reviewed by the registered design professional and accepted by Peer
Review, it is permitted to use Amax less than 1.2 and Amin greater than 0.85.

Maximum and minimum analysis and design properties for each device shall be determined in
accordance with Eqs 18.2-4a and 18.2-4b for each modeling parameter as follows:

Maximum Design Property = Nominal Design Property * Amax (18.2-4a)
Minimum Design Property = Nominal Design Property * Amin (18.2-4b)

A maximum and minimum analysis and design property shall be established for each modeling
parameter as necessary for the selected method of analysis. Maximum velocity coefficients, stiffness,
strength and energy dissipation shall be considered together as the maximum analysis and design case, and
minimum velocity coefficients, strength, stiffness and energy dissipation shall be considered together as
the minimum analysis and design case.

Separate maximum and minimum properties shall be established for loads and displacements
corresponding to the design level conditions and the MCEr conditions.
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18.2.4.6 Damping System Redundancy

If fewer than four energy dissipation devices are provided in any story of a building in either principal
direction, or fewer than two devices are located on each side of the center of stiffness of any story in either
principal direction, all energy dissipation devices shall be capable of sustaining displacements equal to
130% of the maximum calculated displacement in the device under MCEr. A velocity-dependent device
shall be capable of sustaining the force and displacement associated with a velocity equal to 130% of the
maximum calculated velocity for that device under MCEk.

18.3 NONLINEAR RESPONSE-HISTORY PROCEDURE

The stiffness and damping properties of the damping devices used in the models shall be based on or verified
by testing of the damping devices as specified in Section 18.6. The nonlinear force-velocity-displacement
characteristics of damping devices shall be modeled, as required, to explicitly account for device
dependence on frequency, amplitude, and duration of seismic loading.

A nonlinear response-history analysis shall utilize a mathematical model of the seismic force-resisting
system and the damping system as provided in this section. The model shall directly account for the
nonlinear hysteretic behavior of all members and connections undergoing inelastic behavior, in a manner
consistent with applicable laboratory test data. Test data shall not be extrapolated beyond tested deformation
levels. If the analysis results indicate that degradation in element strength or stiffness can occur, the
hysteretic models shall include these effects.

EXCEPTION: If the calculated force in an element of the seismic force-resisting system or the
damping system does not exceed 1.5 times its expected strength using strength reduction factor ¢=1, that
element is permitted to be modeled as linear.

For sites identified as near-fault, each pair of horizontal ground motion components shall be rotated
to the fault-normal and fault-parallel directions of the causative faults and applied to the mathematical
model in such orientation.

For all other sites, individual pairs of horizontal ground motion components need not be applied to
the mathematical model in multiple orientations.

Inherent damping of the structure shall not be taken as greater than 3 percent of critical unless test data
consistent with levels of deformation at or just below the effective yield displacement of the seismic force-
resisting system support higher values.

Analysis shall be performed at both the design earthquake and at the MCEr earthquake levels. The
design earthquake analysis need not include the effects of accidental eccentricity. Results from the design
earthquake analysis shall be used to design the seismic force-resisting system. Results from the MCEr
analysis shall be used to design the damping system.

18.3.1 Damping Device Modeling

Mathematical models of displacement-dependent damping devices shall include the hysteretic behavior of
the devices consistent with test data and accounting for all significant changes in strength, stiffness, and
hysteretic loop shape. Mathematical models of velocity-dependent damping devices shall include the
velocity coefficient consistent with test data. If damping device properties change with time and/or
temperature, such behavior shall be modeled explicitly. The flexible elements of damping devices
connecting damper units to the structure shall be included in the model.

EXCEPTION: If the properties of the damping devices are expected to change during the duration of
the response-history analysis, the dynamic response is permitted to be enveloped by the maximum and
minimum device properties from Section 18.2.4.5. All these limit cases for variable device properties shall
satisfy the same conditions as if the time-dependent behavior of the devices were explicitly modeled.
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18.3.2 Accidental Mass Eccentricity

Inherent eccentricity resulting from lack of symmetry in mass and stiffness shall be accounted for in the
MCEkr analysis. In addition, accidental eccentricity consisting of displacement of the center-of-mass from
the computed location by an amount equal to 5% of the diaphragm dimension separately in each of two
orthogonal directions at each diaphragm level shall be accounted for in the analysis.

EXCEPTION: It is permitted to account for the effects of accidental eccentricity through the
establishment of amplification factors on forces, drifts and deformations that permit results determined
from an analysis using only the computed center-of-mass configuration to be scaled to bound the results of
all the mass-eccentric cases.

18.3.3 Response Parameters

Maximum values of each response parameter of interest shall be calculated for each ground motion used
for the response-history analysis. Response parameters shall include the forces, displacements and
velocities (in the case of velocity-dependent devices) in each discrete damping device. The average value
of a response parameter of interest across the suite of design earthquake or MCEg motions is permitted to
be used for design.

18.4 SEISMIC LOAD CONDITIONS AND ACCEPTANCE CRITERIA FOR NONLINEAR
RESPONSE-HISTORY PROCEDURE

For the nonlinear response-history procedure of Section 18.3, the seismic force-resisting system, damping
system, loading conditions, and acceptance criteria for response parameters of interest shall conform with
the requirements of the following subsections.

18.4.1 Seismic Force-Resisting System
The seismic force-resisting system shall satisfy the strength requirements of Section 12.2.1 using both:

1. The seismic base shear, Vmin, as given by Section 18.2.1.1.
2. The demands from the design earthquake nonlinear response history analysis.

The story drifts shall be determined using the MCEr ground motions with the combined model of the
seismic force resisting system and the damping system. Accidental eccentricity shall be included.

The maximum drift at MCEr shall not exceed 3% nor the drift limits specified in Table 12.12-1 times
smaller of 1.5 R/Cq and 1.9. Cq4 and R shall be taken from Table 12.2-1 for the building framing under
consideration.

18.4.2 Damping System

The damping devices and their connections shall be sized to resist the forces, displacements, and velocities
from the MCEr ground motions. Force-controlled elements of the damping system shall be designed for
seismic forces that are increased by 20% from those corresponding to average MCEr response.

18.4.3 Combination of Load Effects

The effects on the damping system due to gravity loads and seismic forces shall be combined in accordance
with Section 12.4 using the effect of horizontal seismic forces, Qg, except that Qe shall be determined in
accordance with the MCEr analysis. When load combinations are used that include live loading, it is
permitted to use a factor of 25% for live load as permitted by Section 16.2.3 for non-linear response history
analysis The redundancy factor, p, shall be taken equal to 1.0 in all cases, and the seismic load effect with
overstrength factor of Section 12.4.3 need not apply to the design of the damping system.

89



2015 NEHRP Provisions

18.4.4 Acceptance Criteria for the Response Parameters of Interest

The damping system components shall be evaluated by the strength design criteria of this standard using
the seismic forces and seismic loading conditions determined from the MCEr nonlinear response-history
analyses and strength reduction factor ¢ = 1.0.

18.5 DESIGN REVIEW

An independent design review of the damping system and related test programs shall be performed by one
or more individuals possessing knowledge of the following items with a minimum of one reviewer being a
registered design professional. Damping system design review shall include, but need not be limited to, all
of the following:

1. Project design criteria including site-specific spectra and ground motion histories.

2. Preliminary design of the seismic force-resisting system and the damping system, including
selection of the devices and their design parameters.

3. Review of manufacturer test data and property modification factors for the manufacturer and

device selected.

Prototype testing program (Section 18.6.1).

Final design of the entire structural system and supporting analyses including modelling of the

damping devices for response history analysis if performed.

6. Damping device production testing program (Section 18.6.2).

ok

18.6 TESTING

The force-velocity-displacement relationships and damping properties assumed as the damping device
nominal design properties in Section 18.2.4.4 shall be confirmed by the tests conducted in accordance with
Section 18.6.1, or shall be based on prior tests of devices meeting the similarity requirements of Section
18.6.1.3.

The prototype tests specified in Section 18.6.1 shall be conducted to confirm the force-velocity-
displacement properties of the damping devices assumed for analysis and design, and to demonstrate the
robustness of individual devices under seismic excitation. These tests shall be conducted prior to
production of devices for construction.

The production testing requirements are specified in Section 18.6.2.

Device nominal properties determined from the prototype testing shall meet the acceptance criteria
established using Agpec,max) and Agpec,miny from Section 18.2.4.5. These criteria shall account for likely
variations in material properties.

Device nominal properties determined from the production testing of Section 18.6.2 shall meet the
acceptance criteria established using Aspec,max) and Aspec,miny from Section 18.2.4.5.

The fabrication and quality control procedures used for all prototype and production devices shall be
identical. These procedures shall be approved by the registered design professional prior to the fabrication
of prototype devices.

18.6.1 Prototype Tests

The following tests shall be performed separately on two full-size damping devices of each type and size
used in the design, in the order listed as follows.

Representative sizes of each type of device are permitted to be used for prototype testing, provided both
of the following conditions are met:
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1. Fabrication and quality control procedures are identical for each type and size of device used in
the structure.

2. Prototype testing of representative sizes is approved by the registered design professional
responsible for design of the structure.

Test specimens shall not be used for construction, unless they are approved by the registered design
professional responsible for design of the structure and meet the requirements for prototype and production
tests.

18.6.1.1 Data Recording
The force-deflection relationship for each cycle of each test shall be recorded electronically.

18.6.1.2 Sequence and Cycles of Testing

For all of the following test sequences, each damping device shall be subjected to gravity load effects and
thermal environments representative of the installed condition. For seismic testing, the displacement in the
devices calculated for the MCEg ground motions, termed herein as the maximum device displacement, shall
be used.

1. A production test in accordance with Section 18.6.2 shall be performed and data from this test
shall be used as the base line for comparison with subsequent prototype tests.

2. Each damping device shall be subjected to the number of cycles expected in the design windstorm,
but not less than 2,000 continuous fully reversed cycles of wind load. Wind load shall be at
amplitudes expected in the design windstorm and shall be applied at a frequency equal to the
inverse of the fundamental period of the structure, 1/T:.

It is permitted to use alternate loading protocols, representative of the design wind storm, that apportion
the total wind displacement into its expected static, pseudo-static and dynamic components.

EXCEPTION: Damping devices need not be subjected to these tests if they are not subject to wind-
induced forces or displacements or if the design wind force is less than the device yield or slip force.

3. Each damping device shall be brought to ambient temperature and loaded with the following
sequence of fully reversed, sinusoidal cycles at a frequency equal to 1/(1.5T,).

a. Ten fully reversed cycles at the displacement in the energy dissipation device
corresponding to 0.33 times the MCERr device displacement.

b. Five fully reversed cycles at the displacement in the energy dissipation device
corresponding to 0.67 times the MCERr device displacement.

c. Three fully reversed cycles at the displacement in the energy dissipation device
corresponding to 1.0 times the MCEr device displacement.

d. Where test (c) produces a force in the energy dissipation device that is less than the MCEr
force in the device from analysis, test (c) shall be repeated at a frequency that produces a
force equal to or greater than the MCEr force from analysis.

4. Where the damping device characteristics vary with operating temperature, the tests of 18.6.1.2.2,
(2) to (d) shall be conducted on at least one device, at a minimum of two additional temperatures
(minimum and maximum), that bracket the design temperature range.

EXCEPTION: Damping devices are permitted to be tested by alternative methods provided all of the
following conditions are met:

a. Alternative methods of testing are equivalent to the cyclic testing requirements of this
section.

b. Alternative methods capture the dependence of the damping device response on ambient
temperature, frequency of loading, and temperature rise during testing.
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c. Alternative methods are approved by the registered design professional responsible for the
design of the structure.

5. If the force-deformation properties of the damping device at any displacement less than or equal
to the maximum device displacement change by more than 15 percent for changes in testing
frequency from 1/(1.5T1) to 2.5/T, then the preceding tests (2(a) through 2(c)) shall also be
performed at frequencies equal to 1/T; and 2.5/T.

EXCEPTION: When full-scale dynamic testing is not possible due to test machine limitations, it is
permitted to use reduced-scale prototypes to qualify the rate-dependent properties of damping devices
provided that scaling principles and similitude are used in the design of the reduced-scale devices and the
test protocol.

18.6.1.3 Testing Similar Devices

Prototype tests need not be performed on a particular damping device if there exist a previously prototype-
tested unit that meets all of the following conditions:

1. Is of similar dimensional characteristics, internal construction, and static and dynamic internal
pressures (if any) to the subject damping device; and

2. Is of the same type and materials as the subject damping device; and

3. Was fabricated using identical documented manufacturing and quality control procedures that
govern the subject damping device; and

4. Was tested under similar maximum strokes and forces to those required of the subject damping
device.

18.6.1.4 Determination of Force-Velocity-Displacement Characteristics

The force-velocity-displacement characteristics of the prototype damping device shall be based on the
cyclic displacement tests specified in Section 18.6.1.2 and all of the following requirements:

1. The maximum force and minimum force at zero displacement, the maximum force and minimum
force at maximum device displacement, and the area of hysteresis loop (Eioop) shall be calculated
for each cycle of deformation. Where required, the effective stiffness of a damping device shall
be calculated for each cycle of deformation using Eq. 17.8-1.

2. Damping device nominal test properties for analysis and design shall be based on the average
value for the first three cycles of test at a given displacement. For each cycle of each test,
corresponding lambda factors (Awest) for cyclic effects shall be established by comparison of
nominal and per-cycle properties. When damping devices have first cycle test properties that differ
significantly from the average properties of the first three cycles, it is permitted to obtain the,
average values from second through fourth cycle, provided that the effect of first cycle properties
are explicitly addressed.

3. Lambda (L) factors for velocity and temperature shall be determined simultaneously with those
for cyclic effects where full scale prototype test data is available. Where these or similar effects
are determined from separate tests, lambda factors shall be established by comparison of
properties determined under prototype test conditions with corresponding properties determined
under the range of test conditions applicable to the property variation parameter.

18.6.1.5 Device Adequacy

The performance of a prototype damping device shall be deemed adequate if all of the conditions listed
below are satisfied. The 15 percent limits specified in the following text are permitted to be increased by
the registered design professional responsible for the design of the structure provided that the increased
limit has been demonstrated by analysis not to have a deleterious effect on the response of the structure.

92



Part 1, Provisions

18.6.1.5.1 Displacement-Dependent Damping Devices

The performance of the prototype displacement-dependent damping devices shall be deemed adequate if
all of the following conditions, based on tests specified in Section 18.6.1.2, are satisfied:

1.
2.

For Test 1, no signs of damage including leakage, yielding, or breakage.

For Tests 2, 3 and 4, the maximum force and minimum force at zero displacement for a damping
device for any one cycle does not differ by more than 15 percent from the average maximum and
minimum forces at zero displacement as calculated from all cycles in that test at a specific
frequency and temperature.

For Tests 2, 3 and 4, the maximum force and minimum force at maximum device displacement
for a damping device for any one cycle does not differ by more than 15 percent from the average
maximum and minimum forces at the maximum device displacement as calculated from all cycles
in that test at a specific frequency and temperature.

For Tests 2, 3 and 4, the area of hysteresis loop (Eieop) 0f @ damping device for any one cycle does
not differ by more than 15 percent from the average area of the hysteresis loop as calculated from
all cycles in that test at a specific frequency and temperature.

The average maximum and minimum forces at zero displacement and maximum displacement,
and the average area of the hysteresis loop (Eiwep), calculated for each test in the sequence of Tests
2, 3 and 4, shall not differ by more than 15 percent from the target values specified by the
registered design professional responsible for the design of the structure.

The average maximum and minimum forces at zero displacement and the maximum displacement,
and the average area of the hysteresis loop (Eioop), calculated for Test 2.(c) shall fall within the
limits specified by the registered design professional, as described by the nominal properties and
the lambda factor for specification tolerance (A(spec, max) and A¢spec, miny) from Section 18.2.4.5.

The test lambda factors for damping units, determined in accordance with Section 18.6.1.4, shall
not exceed the values specified by the registered design professional in accordance with Section
18.2.4.5.

18.6.1.5.2 Velocity-Dependent Damping Devices

The performance of the prototype velocity-dependent damping devices shall be deemed adequate if all of
the following conditions, based on tests specified in Section 18.6.1.2, are satisfied:

1.
2.

For Test 1, no signs of damage including leakage, yielding, or breakage.

For velocity-dependent damping devices with stiffness, the effective stiffness of a damping device
in any one cycle of Tests 2, 3 and 4 does not differ by more than 15 percent from the average
effective stiffness as calculated from all cycles in that test at a specific frequency and temperature.
For Tests 2, 3 and 4, the maximum force and minimum force at zero displacement for a damping
device for any one cycle does not differ by more than 15 percent from the average maximum and
minimum forces at zero displacement as calculated from all cycles in that test at a specific
frequency and temperature.

For Tests 2, 3 and 4, the area of hysteresis loop (Eiop) 0f @ damping device for any one cycle does
not differ by more than 15 percent from the average area of the hysteresis loop as calculated from
all cycles in that test at a specific frequency and temperature.

The average maximum and minimum forces at zero displacement, effective stiffness (for damping
devices with stiffness only), and average area of the hysteresis loop (Eiop), calculated for Test
2.(c), shall fall within the limits specified by the registered design professional, as described by
the nominal properties and the lambda factor for specification tolerance (A(spec, max) and Aspec, min))
from Section 18.2.4.5. 6. The test lambda factors for damping units determined in
accordance with Section 18.6.1.4 shall not exceed the values specified by the registered design
professional in accordance with Section 18.2.4.5.
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18.6.2 Production Tests

Prior to installation in a building, damping devices shall be tested in accordance with the requirements of
this section.

A test program for the production damping devices shall be established by the registered design
professional. The test program shall validate the nominal properties by testing 100% of the devices for
three cycles at 0.67 times the MCEr stroke at a frequency equal to 1/(1.5T;). The measured values of the
nominal properties shall fall within the limits provided in the project specifications. These limits shall agree
with the specification tolerances on nominal design properties established in Section 18.2.4.5.

EXCEPTION: Production damping devices need not be subjected to this test program if it can be
shown by other means that their properties meet the requirements of the project specifications. In such
cases, the registered design professional shall establish an alternative program to assure the quality of the
installed damping devices. This alternative program shall include production testing of at least one device
of each type and size, unless project-specific prototype tests have been conducted on that identical device
type and size. Devices that undergo inelastic action or are otherwise damaged during this test shall not be
used in construction.

18.7 ALTERNATE PROCEDURES AND CORRESPONDING ACCEPTANCE CRITERIA

Structures analyzed by the response-spectrum procedure shall meet the requirements of Sections 18.7.1,
18.7.3 and 18.7.4. Structures analyzed by the equivalent lateral force procedure shall meet the requirements
of Sections 18.7.2, 18.7.3 and 18.7.4.

18.7.1 Response Spectrum Procedure

Where the response-spectrum procedure is used to analyze a structure with a damping system, the
requirements of this section shall apply.

18.7.1.1 Modeling

A mathematical model of the seismic force-resisting system and damping system shall be constructed that
represents the spatial distribution of mass, stiffness, and damping throughout the structure. The model and
analysis shall comply with the requirements of Section 12.9 for the seismic force-resisting system and to
the requirements of this section for the damping system. The stiffness and damping properties of the
damping devices used in the models shall be based on or verified by testing of the damping devices as
specified in Section 18.6.

The elastic stiffness of elements of the damping system other than damping devices shall be explicitly
modeled. Stiffness of damping devices shall be modeled depending on damping device type as follows:

1. For displacement-dependent damping devices: Displacement-dependent damping devices shall be
modeled with an effective stiffness that represents damping device force at the response
displacement of interest (e.g., design story drift). Alternatively, the stiffness of hysteretic and
friction damping devices is permitted to be excluded from response spectrum analysis provided
design forces in displacement-dependent damping devices, QDSD, are applied to the model as
external loads (Section 18.7.4.5).

2. For velocity-dependent damping devices: Velocity-dependent damping devices that have a
stiffness component (e.g., viscoelastic damping devices) shall be modeled with an effective
stiffness corresponding to the amplitude and frequency of interest.
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18.7.1.2 Seismic Force-Resisting System
18.7.1.2.1 Seismic Base Shear

The seismic base shear, V, of the structure in a given direction shall be determined as the combination of
modal components, Vi, subject to the limits of Eq. 18.7-1:

V 2 Vmin (187'1)

The seismic base shear, V, of the structure shall be determined by the square root of the sum of the
squares method (SRSS) or complete quadratic combination of modal base shear components, V.

18.7.1.2.2 Modal Base Shear

Modal base shear of the m" mode of vibration, Vm, of the structure in the direction of interest shall be
determined in accordance with Egs. 18.7-2:

Vi = CanWy (18.7-2a)

[Zn: Wi d)im ]
W, =~2  /
Z Wid)izm
= (18.7-2b)
where

Csm = seismic response coefficient of the m™ mode of vibration of the structure in the direction of
interest as determined from Section 18.7.1.2.4 (m = 1) or Section 18.7.1.2.6 (m > 1)

va = effective seismic weight of the m™ mode of vibration of the structure

¢im = displacement amplitude at the i"" level of the structure in the m™ mode of vibration in the
direction of interest, normalized to unity at the roof level

18.7.1.2.3 Modal Participation Factor

The modal participation factor of the m™" mode of vibration, I'm, of the structure in the direction of interest
shall be determined in accordance with Eq. 18.7-3:

I, = W
Zwi(l)im
=1 (18.7-3)
18.7.1.2.4 Fundamental Mode Seismic Response Coefficient

The fundamental mode (m = 1) seismic response coefficient, Csi, in the direction of interest shall be
determined in accordance with Egs. 18.7-4 and 18.7-5:

For Tip < Ts,

(18.7-4)

For Tip>Ts,
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R Sps
Ca=|=|T7aa
Ca)Tio (Qo BlD) (18.7-5)
18.7.1.2.5 Effective Fundamental Mode Period Determination

The effective fundamental mode (m = 1) period at the design earthquake ground motion, Tip, and at the
MCERr ground motion, T1m, shall be based on either explicit consideration of the post-yield force deflection
characteristics of the structure or determined in accordance with Egs. 18.7-6 and 18.7-7:

Tip =Tiylp (18.7-6)

Tow =Tinfty (18.7-7)

18.7.1.2.6 Higher Mode Seismic Response Coefficient

Higher mode (m > 1) seismic response coefficient, Csm, of the m'"mode of vibration (m > 1) of the structure
in the direction of interest shall be determined in accordance with Egs. 18.7-8 and 18.7-9:

For Tm < Ts,
.

d /=70=mb (18.7-8)

For Tm=>Ts,

e G o
d/ Tm=T0=mD (18.7-9)
where
Tm = period, in seconds, of the m™" mode of vibration of the structure in the direction under
consideration

Bmp = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bmp and

period of the structure equal to Tn

18.7.1.2.7 Design Lateral Force

Design lateral force at Level i due to the m™" mode of vibration, Fim, of the structure in the direction of
interest shall be determined in accordance with Eq. 18.7-10:

I:im = Wi¢im ];'n Vm
W (18.7-10)

Design forces in elements of the seismic force-resisting system shall be determined by the SRSS or
complete quadratic combination of modal design forces.

18.7.1.3 Damping System

Design forces in damping devices and other elements of the damping system shall be determined on the
basis of the floor deflection, story drift, and story velocity response parameters described in the following
sections.
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Displacements and velocities used to determine maximum forces in damping devices at each story shall
account for the angle of orientation of each device from the horizontal and consider the effects of increased
response due to torsion required for design of the seismic force-resisting system.

Floor deflections at Level i, dipo and im, Story drifts, Ap and Awm, and story velocities, Vp and Vi, shall
be calculated for both the design earthquake ground motions and the MCEg ground motions, respectively,
in accordance with this section.

18.7.1.3.1 Design Earthquake Floor Deflection

The deflection of structure due to the design earthquake ground motions at Level i in the m" mode of
vibration, &imp, of the structure in the direction of interest shall be determined in accordance with Eq. 18.7-
11:

Simb = Dmp®im (18.7-11)

The total design deflection at each floor of the structure shall be calculated by the SRSS or complete
guadratic combination of modal design earthquake deflections.

18.7.1.3.2 Design Earthquake Roof Displacement

Fundamental (m = 1) and higher mode (m > 1) roof displacements due to the design earthquake ground
motions, Dip and Dmp, of the structure in the direction of interest shall be determined in accordance with
Egs. 18.7-12 and to 18.7-13:

Form=1,
g S, T.2 g SpsTy
DlDz( erl x| S 1N T <Ty
4r B, 4r Bie (18.7-12a)
g ST, g ST,
D1D2[4 erl E“DZ(4 erl A
V4 1D T 1E (18.7-12b)
Form>1,

2
Do :(4gzjrm SBDle < (492 jrm SESTm
T mD T mD

18.7.1.3.3 Design Earthquake Story Drift

(18.7-13)

Design story drift in the fundamental mode, Aip, and higher modes, Amp (M > 1), of the structure in the
direction of interest shall be calculated in accordance with Section 12.8.6 using modal roof displacements
of Section 18.7.1.3.2.

Total design story drift, Ap, shall be determined by the SRSS or complete quadratic combination of
modal design earthquake drifts.

18.7.1.3.4 Design Earthquake Story Velocity

Design story velocity in the fundamental mode, Vip, and higher modes, Vo (m > 1), of the structure in the
direction of interest shall be calculated in accordance with Egs. 18.7-14 and 18.7-15:

Form=1V,= 2nA£

1D (18.7-14)
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Form>1V, ;= Zn%

m (18.7-15)

Total design story velocity, Dp, shall be determined by the SRSS or complete quadratic combination
of modal design velocities.

18.7.1.35 MCEr Response

Total modal maximum floor deflection at Level i, MCEr story drift values, and MCERg story velocity values
shall be based on Sections 18.7.1.3.1, 18.7.1.3.3, and 18.7.1.3.4, respectively, except design roof
displacement shall be replaced by MCEr roof displacement. MCEr roof displacement of the structure in
the direction of interest shall be calculated in accordance with Egs. 18.7-16 and to 18.7-17:

Form=1,
Dy =( gzjrl Sus T 2( gzjrl Swl 1o,
A B A B
1M 1E (18.7-16a)
D]_M — g 1-*1 SMlTlM 2 g 1—* SMlTl 1T ZT
Ar? B 47* ) ' B M s
1M 1E (18.7-16b)
Form>1,
g ST g SysT?
Do :(47[2ij Igll S(4712 L Igs
mM mM (18.7-17)
where

Bmm = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bmwm and
period of the structure equal to Tn

18.7.2 Equivalent Lateral Force Procedure

Where the equivalent lateral force procedure is used to design a structure with a damping system, the
requirements of this section shall apply.

18.7.2.1 Modeling

Elements of the seismic force-resisting system shall be modeled in a manner consistent with the
requirements of Section 12.8. For purposes of analysis, the structure shall be considered to be fixed at the
base.

Elements of the damping system shall be modeled as required to determine design forces transferred
from damping devices to both the ground and the seismic force-resisting system. The effective stiffness of
velocity-dependent damping devices shall be modeled.

Damping devices need not be explicitly modeled provided effective damping is calculated in
accordance with the procedures of Section 18.7.4 and used to modify response as required in Sections
18.7.2.2 and 18.7.2.3.

The stiffness and damping properties of the damping devices used in the models shall be based on or
verified by testing of the damping devices as specified in Section 18.6.
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18.7.2.2 Seismic Force-Resisting System
18.7.2.2.1 Seismic Base Shear

The seismic base shear, V, of the seismic force-resisting system in a given direction shall be determined as
the combination of the two modal components, V; and Vg, in accordance with Eq. 18.7-18:

VR 2
V=W Ve 2V, (18.7-18)

where
V1 = design value of the seismic base shear of the fundamental mode in a given direction of
response, as determined in Section 18.7.2.2.2
Vr = design value of the seismic base shear of the residual mode in a given direction, as determined

in Section 18.7.2.2.6

Vmin = minimum allowable value of base shear permitted for design of the seismic force-resisting
system of the structure in direction of the interest, as determined in Section 18.2.1.1

18.7.2.2.2 Fundamental Mode Base Shear
The fundamental mode base shear, V1, shall be determined in accordance with Eq. 18.7-19:

Vi =CoW, (18.7-19)
where
Cs1 = the fundamental mode seismic response coefficient, as determined in Section 18.7.2.2.4
VVl = the effective fundamental mode seismic weight including portions of the live load as defined

by Eq. 18.7-2b form =1
18.7.2.2.3 Fundamental Mode Properties

The fundamental mode shape, ¢i1, and participation factor, I'1, shall be determined by either dynamic
analysis using the elastic structural properties and deformational characteristics of the resisting elements or
using Egs. 18.7-20 and 18.7-21:

h
P :h_
n (18.7-20)
I =— W,
zwi%
i=1 (18.7-21)
where
hi = the height above the base to Level i
hn = the structural height as defined in Section 11.2
w; = the portion of the total effective seismic weight, W, located at or assigned to Level i

The fundamental period, T, shall be determined either by dynamic analysis using the elastic structural
properties and deformational characteristics of the resisting elements, or using Eq. 18.7-22 as follows:
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(18.7-22)
where
fi = lateral force at Level i of the structure distributed in accordance with Section 12.8.3
0i = elastic deflection at Level i of the structure due to applied lateral forces f;
18.7.2.2.4 Fundamental Mode Seismic Response Coefficient

The fundamental mode seismic response coefficient, Csi, shall be determined using Eq. 18.7-23 or 18.7-
24:

For Tip < Ts,
Csi= (ij So1
Co JL20B1o (18.7-23)
For Tip > Ts,
SEEINE .
Cd TlD (QO BlD) (187_24)
where
Sps = the design spectral response acceleration parameter in the short period range
Sp1 = the design spectral response acceleration parameter at a period of 1 s
Bip = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to Bmp (M = 1)
and period of the structure equal to Tip
18.7.2.25 Effective Fundamental Mode Period Determination

The effective fundamental mode period at the design earthquake, T1p, and at the MCEg, Tam, shall be based
on explicit consideration of the post-yield force deflection characteristics of the structure or shall be
calculated using Egs. 18.7-25 and 18.7-26:

Tip =T tp (18.7-25)

Tow =Tunftty (18.7-26)

18.7.2.2.6 Residual Mode Base Shear

Residual mode base shear, Vg, shall be determined in accordance with Eq. 18.7-27:

Vo = CSRVVR (18.7-27)

where
Csr = the residual mode seismic response coefficient as determined in Section 18.7.2.2.8

VVR = the effective residual mode effective weight of the structure determined using Eq. 18.7-30
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18.7.2.2.7 Residual Mode Properties

Residual mode shape, ¢ir, participation factor, I'r, effective residual mode seismic weight of the structure,
VVR, and effective period, Tg, shall be determined using Egs. 18.7-28 through 18.7-31:

1- Fld)il

O = Ir
1 (18.7-28)
Tr=1-T1 (18.7-29)
We =W -W, (18.7-30)
Tr=0.4T1 (18.7-31)

18.7.2.2.8 Residual Mode Seismic Response Coefficient
The residual mode seismic response coefficient, Csg, shall be determined in accordance with Eq. 18.7-32:

RS
Cor {C—Jﬁ
d 0™~R

Br = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to fr, and
period of the structure equal to Tr

(18.7-32)

where

18.7.2.2.9 Design Lateral Force

The design lateral force in elements of the seismic force-resisting system at Level i due to fundamental
mode response, Fii, and residual mode response, Figr, of the structure in the direction of interest shall be
determined in accordance with Egs. 18.7-33 and 18.7-34:

T
Fil = Wid)il VTlVl
1 (18.7-33)
I
FiR = Wi¢iR VV_RVR
R (18.7-34)

Design forces in elements of the seismic force-resisting system shall be determined by taking the SRSS
of the forces due to fundamental and residual modes.

18.7.2.3 Damping System

Design forces in damping devices and other elements of the damping system shall be determined on the
basis of the floor deflection, story drift, and story velocity response parameters described in the following
sections.

Displacements and velocities used to determine maximum forces in damping devices at each story shall
account for the angle of orientation of each device from the horizontal and consider the effects of increased
response due to torsion required for design of the seismic force-resisting system.

Floor deflections at Level i, dip and dim, story drifts, Ap and Am, and story velocities, Viand Vy, shall
be calculated for both the design earthquake ground motions and the MCEg ground motions, respectively,
in accordance with the following sections.
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18.7.23.1 Design Earthquake Floor Deflection

The total design deflection at each floor of the structure in the direction of interest shall be calculated as the
SRSS of the fundamental and residual mode floor deflections. The fundamental and residual mode
deflections due to the design earthquake ground motions, di1p and dirp, at the center of rigidity of Level i of
the structure in the direction of interest shall be determined using Egs. 18.7-35 and 18.7-36:

ditp = Dip@i1 (18.7-35)
dirp = Dro@ir (18.7-36)
where
Dip = fundamental mode design displacement at the center of rigidity of the roof level of the
structure in the direction under consideration, Section 18.7.2.3.2
Drpo = residual mode design displacement at the center of rigidity of the roof level of the structure

in the direction under consideration, Section 18.7.2.3.2

18.7.2.3.2 Design Earthquake Roof Displacement

Fundamental and residual mode displacements due to the design earthquake ground motions, D1p and Dig,
at the center of rigidity of the roof level of the structure in the direction of interest shall be determined using
Egs. 18.7-37 and 18.7-38:

g S . T2 g S..T.?
DlD :(4 erl DS 1D > Fl DS '1 ’TlD <Ts
T B

B 4n’ 1D (18.7-37a)
g ST g S,,T
D1D :( zjrl LR 2( zjrl oL 1T1|3 2Ts
An Bip An B (18.7-37h)

T Sps Ty
Dy, = 92 I Spilr < 92 Iy Ds 'R
4n B 4n B
18.7.2.3.3 Design Earthquake Story Drift
Design story drifts, Ap, in the direction of interest shall be calculated using Eq. 18.7-39:

[ 2
Ap =y A1 + A (18.7-39)

(18.7-38)

where
Aip = design story drift due to the fundamental mode of vibration of the structure in the direction
of interest
Arp = design story drift due to the residual mode of vibration of the structure in the direction of
interest

Modal design story drifts, Aip and Arp, Shall be determined as the difference of the deflections at the
top and bottom of the story under consideration using the floor deflections of Section 18.7.2.3.1.

18.7.2.3.4 Design Earthquake Story Velocity

Design story velocities, V p, in the direction of interest shall be calculated in accordance with Egs. 18.7-40
through 18.7-42:

102



Part 1, Provisions

o2 2
Vo =4Vip +Vro (18.7-40)

A
V,, =2n —TlD
1D (18.7-41)
A
Vo =2n—2
Tr (18.7-42)
where
Vo = design story velocity due to the fundamental mode of vibration of the structure in the
direction of interest
Vo =

design story velocity due to the residual mode of vibration of the structure in the direction of
interest

RD

18.7.2.3.5 MCEr Response

Total modal MCEr floor deflections at Level i, maximum story drifts, and maximum story velocities shall
be based on the equations in Sections 18.7.2.3.1, 18.7.2.3.3, and 18.7.2.3.4, respectively, except that design
roof displacements shall be replaced by MCEr roof displacements. MCEr roof displacements shall be
calculated in accordance with Egs. 18.7-43 and 18.7-44:

g S, T2 g S, T2
DlM :(47[:2 jrl MS_IM 2 4n2 Fl '\és 1 ’T].M <TS

Biy LE (18.7-43a)
DlM :[ g jr SMlTlM Z[ g jr SMlTl T ZT
2 1 2 1 ' IM S
Am Biy Am Bie (18.7-43b)
2
Dey, :[ gz]rR Swilr S( gzer SwsTr
4n B 4n B

(18.7-44)
where

Sw1 = the MCEg, 5 percent damped, spectral response acceleration parameter at a period of 1 s
adjusted for site class effects as defined in Section 11.4.3

Sws = the MCEg, 5 percent damped, spectral response acceleration parameter at short periods
adjusted for site class effects as defined in Section 11.4.3

Bim = numerical coefficient as set forth in Table 18.7-1 for effective damping equal to fmm (M = 1)
and period of structure equal to Tim

18.7.3 Damped Response Modification

As required in Sections 18.7.1 and 18.7.2, response of the structure shall be modified for the effects of the
damping system.

18.7.3.1 Damping Coefficient

Where the period of the structure is greater than or equal to To, the damping coefficient shall be as prescribed
in Table 18.7-1. Where the period of the structure is less than Ty, the damping coefficient shall be linearly
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interpolated between a value of 1.0 at a 0-second period for all values of effective damping and the value
at period To as indicated in Table 18.7-1.

Table 18.7-1 Damping Coefficient, By, Bip, Big, Br, Bim, Bmp, Bmm (Where Period of the

18.7.3.2

Structure > To)

Effective Damping, B (percentage of critical) Bua1, Bip, Bi, Br, Bim, Bmo, B (Where period of the structure > 7;)

<2 0.8
5 1.0
10 1.2
20 1.5
30 1.8
40 2.1
50 24
60 2.7
70 3.0
80 33
90 36
>100 4.0

Effective Damping

The effective damping at the design displacement, Bmp, and at the MCEr displacement, Bmwv, 0f the m mode
of vibration of the structure in the direction under consideration shall be calculated using Egs. 18.7-45 and

18.7-46:

where

BHp

Brm

Bi

BVm

Hp

Hm

Poo =Py + ﬁvm/% + bro (18.7-45)
Pow =Py + ﬂVmM * Baw (18.7-46)

component of effective damping of the structure in the direction of interest due to post-yield
hysteretic behavior of the seismic force-resisting system and elements of the damping system
at effective ductility demand, pp

component of effective damping of the structure in the direction of interest due to post-yield
hysteretic behavior of the seismic force-resisting system and elements of the damping system
at effective ductility demand, pm

component of effective damping of the structure due to the inherent dissipation of energy by
elements of the structure, at or just below the effective yield displacement of the seismic
force-resisting system

component of effective damping of the m™ mode of vibration of the structure in the direction
of interest due to viscous dissipation of energy by the damping system, at or just below the
effective yield displacement of the seismic force-resisting system

effective ductility demand on the seismic force-resisting system in the direction of interest
due to the design earthquake ground motions

effective ductility demand on the seismic force-resisting system in the direction of interest
due to the MCEg ground motions

Unless analysis or test data supports other values, the effective ductility demand of higher modes of
vibration in the direction of interest shall be taken as 1.0.
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18.7.3.2.1 Inherent Damping

Inherent damping, B, shall be based on the material type, configuration, and behavior of the structure and
nonstructural components responding dynamically at or just below yield of the seismic force-resisting
system. Unless analysis or test data supports other values, inherent damping shall be taken as not greater
than 3 percent of critical for all modes of vibration.

18.7.3.2.2 Hysteretic Damping

Hysteretic damping of the seismic force-resisting system and elements of the damping system shall be based
either on test or analysis or shall be calculated using Egs. 18.7-47 and 18.7-48:

Bro = (0.64—B.)(1—iJ

Ho (18.7-47)
B =qH(o.64—B.)[1—ij
Hw (18.7-48)

where
gn = hysteresis loop adjustment factor, as defined in Section 18.7.3.2.2.1

up = effective ductility demand on the seismic force-resisting system in the direction of interest
due to the design earthquake ground motions
um = effective ductility demand on the seismic force-resisting system in the direction of interest

due to the MCEr ground motions

Unless analysis or test data supports other values, the hysteretic damping of higher modes of vibration
in the direction of interest shall be taken as zero.

18.7.3.2.2.1 Hysteresis Loop Adjustment Factor

The calculation of hysteretic damping of the seismic force-resisting system and elements of the damping
system shall consider pinching and other effects that reduce the area of the hysteresis loop during repeated
cycles of earthquake demand. Unless analysis or test data support other values, the fraction of full hysteretic
loop area of the seismic force-resisting system used for design shall be taken as equal to the factor, gu,
calculated using Eq. 18.7-49:

qy = 0.67-_||-_—s
1 (18.7-49)
where
Ts = period defined by the ratio, Sp1/Sps
T, = period of the fundamental mode of vibration of the structure in the direction of the interest

The value of g1 shall not be taken as greater than 1.0 and need not be taken as less than 0.5.

18.7.3.2.3 Viscous Damping

Viscous damping of the m™" mode of vibration of the structure, Bvm, shall be calculated using Egs. 18.7-50
and 18.7-51:
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2 Wy

_
Pun 4nW

(18.7-50)

Wm = lz I:im8im
2 i (18.7-51)
where

Wn; = work done by j* damping device in one complete cycle of dynamic response corresponding
to the m™ mode of vibration of the structure in the direction of interest at modal
displacements, dim

Wn = maximum strain energy in the m™ mode of vibration of the structure in the direction of interest
at modal displacements, Jim

Fim = mt mode inertial force at Level i

dim = deflection of Level i in the m™ mode of vibration at the center of rigidity of the structure in
the direction under consideration

Viscous modal damping of displacement-dependent damping devices shall be based on a response
amplitude equal to the effective yield displacement of the structure.

The calculation of the work done by individual damping devices shall consider orientation and
participation of each device with respect to the mode of vibration of interest. The work done by individual
damping devices shall be reduced as required to account for the flexibility of elements, including pins,
bolts, gusset plates, brace extensions, and other components that connect damping devices to other elements
of the structure.

18.7.3.3 Effective Ductility Demand

The effective ductility demand on the seismic force-resisting system due to the design earthquake ground
motions, pup, and due to the MCEr ground motions, puv, shall be calculated using Egs. 18.7-52, 18.7-53, and
18.7-54:

Up = % >1.0

Y (18.7-52)
Wy = %ﬂ >1.0

Y (18.7-53)

g \Q.C
DY :(WJ( (|)? d jrlC51T12

Dip = fundamental mode design displacement at the center of rigidity of the roof level of the
structure in the direction under consideration, Section 18.7.1.3.2 or 18.7.2.3.2

D;m = fundamental mode maximum displacement at the center of rigidity of the roof level of the
structure in the direction under consideration, Section 18.7.1.3.5 or 18.7.2.3.5

Dy = displacement at the center of rigidity of the roof level of the structure at the effective yield
point of the seismic force-resisting system

(18.7-54)

where
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R = response modification coefficient from Table 12.2-1

Cq = deflection amplification factor from Table 12.2-1
Qo = overstrength factor from Table 12.2-1
I'y = participation factor of the fundamental mode of vibration of the structure in the direction of

interest, Section 18.7.1.2.3 or 18.7.2.2.3 (m = 1)
Cs1 = seismic response coefficient of the fundamental mode of vibration of the structure in the
direction of interest, Section 18.7.1.2.4 or 18.7.2.2.4 (m = 1)

T, = period of the fundamental mode of vibration of the structure in the direction of interest

The design ductility demand, pp, shall not exceed the maximum value of effective ductility demand,
Umax, given in Section 18.7.3.4.

EXCEPTION: It is permitted to use nonlinear modeling as described in Section 18.3, to develop a
force-displacement (pushover) curve of the seismic force resisting system. It is permitted to use this curve
in lieu of the effective yield displacement, Dy, of Eq. 18.7-54 to calculate the effective ductility demand
due to the design earthquake ground motions, pp, and due to the MCEr ground motions, pw, in Egs. 18.7-
52 and 18.7-53, respectively. In this case, the value of (R/Cgy) shall be taken as 1.0 in Egs. 18.7-4, 18.7-5,
18.7-8 and 18.7-9.

18.7.3.4 Maximum Effective Ductility Demand

For determination of the hysteresis loop adjustment factor, hysteretic damping, and other parameters, the
maximum value of effective ductility demand, umax, Shall be calculated using Eqgs. 18.7-55 and 18.7-56:

For Tip<Ts,

Hmax = 0.5[(R/(Qole))? + 1] (18.7-55)
For T1 > Ts,
Mmax = R/(Qole) (18.7-56)
where
le = the importance factor determined in accordance with Section 11.5.1
Tio = effective period of the fundamental mode of vibration of the structure at the design

displacement in the direction under consideration

For T1 < Ts < T1ip, umax Shall be determined by linear interpolation between the values of Egs. 18.7-55
and 18.7-56.

18.7.4 Seismic Load Conditions and Acceptance Criteria for RSA and ELF Procedures

Design forces and displacements determined in accordance with the response spectrum procedure of
Section 18.7.1 or the equivalent lateral force procedure of Section 18.7.2 shall be checked using the strength
design criteria of this standard and the seismic loading conditions of Section 18.7.4.3.

The seismic force-resisting system, damping system, seismic loading conditions, and acceptance
criteria shall conform to the following subsections.

18.7.4.1 Seismic Force-Resisting System

The seismic force-resisting system shall satisfy the requirements of Section 12.2.1 using seismic base shear
and design forces determined in accordance with Section 18.7.1.2 or 18.7.2.2.
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The design story drift, Ap, as determined in either Section 18.7.1.3.3 or 18.7.2.3.3 shall not exceed
(R/Cy) times the allowable story drift, as obtained from Table 12.12-1, considering the effects of torsion as
required in Section 12.12.1.

18.7.4.2 Damping System

The damping system shall satisfy the requirements of Section 12.2.1 for seismic design forces and seismic
loading conditions determined in accordance with Section 18.7.4.3. Force-controlled elements of the
damping system shall be designed for seismic forces that are increased by 20% from those corresponding
to average MCERr response.

18.7.4.3 Combination of Load Effects

The effects on the damping system and its components due to gravity loads and seismic forces shall be
combined in accordance with Section 12.4 using the effect of horizontal seismic forces, Qe, determined in
accordance with Section 18.7.4.5. The redundancy factor, p, shall be taken equal to 1.0 in all cases, and the
seismic load effect with overstrength factor of Section 12.4.3 need not apply to the design of the damping
system.

18.7.4.4 Modal Damping System Design Forces

Modal damping system design forces shall be calculated on the basis of the type of damping devices and
the modal design story displacements and velocities determined in accordance with either Section 18.7.1.3
or 18.7.2.3.

Modal design story displacements and velocities shall be increased as required to envelop the total
design story displacements and velocities determined in accordance with Section 18.3 where peak response
is required to be confirmed by response-history analysis.

For displacement-dependent damping devices: Design seismic force in displacement-dependent
damping devices shall be based on the maximum force in the device at displacements up to and including
the design story drift, Ap.

For velocity-dependent damping devices: Design seismic force in each mode of vibration in velocity-
dependent damping devices shall be based on the maximum force in the device at velocities up to and
including the design story velocity for the mode of interest.

Displacements and velocities used to determine design forces in damping devices at each story shall
account for the angle of orientation of the damping device from the horizontal and consider the effects of
increased floor response due to torsional motions.
18.7.4.5 Seismic Load Conditions and Combination of Modal Responses

Seismic design force, Qg, in each element of the damping system shall be taken as the maximum force of
the following three loading conditions:

1. Stage of maximum displacement: Seismic design force at the stage of maximum displacement
shall be calculated in accordance with Eq. 18.7-57:

QE =Q, \ [Z(QmSFRs )2 t QDSD
m (18.7-57)

Qmsrrs = force in an element of the damping system equal to the design seismic force of the m™ mode
of vibration of the structure in the direction of interest

where
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Qosp = force in an element of the damping system required to resist design seismic forces of
displacement-dependent damping devices

Seismic forces in elements of the damping system, Qosp, shall be calculated by imposing design forces
of displacement-dependent damping devices on the damping system as pseudostatic forces. Design seismic
forces of displacement-dependent damping devices shall be applied in both positive and negative directions
at peak displacement of the structure.

2. Stage of maximum velocity: Seismic design force at the stage of maximum velocity shall be
calculated in accordance with Eq. 18.7-58:

QE = Z(Qmosv )2

m (18.7-58)
where

Qmosv = force in an element of the damping system required to resist design seismic forces of velocity-
dependent damping devices due to the m™ mode of vibration of the structure in the direction
of interest. Modal seismic design forces in elements of the damping system, Qmosv, shall be
calculated by imposing modal design forces of velocity-dependent devices on the
nondeformed damping system as pseudostatic forces. Modal seismic design forces shall be
applied in directions consistent with the deformed shape of the mode of interest. Horizontal
restraint forces shall be applied at each floor Level i of the nondeformed damping system
concurrent with the design forces in velocity-dependent damping devices such that the
horizontal displacement at each level of the structure is zero. At each floor Level i, restraint
forces shall be proportional to and applied at the location of each mass point

3. Stage of maximum acceleration: Seismic design force at the stage of maximum acceleration shall
be calculated in accordance with Eq. 18.7-59:

QE = \/Z (CmFDQOQmSFRS + CmFV QmDSV )2 t QDSD

(18.7-59)

The force coefficients, Cweo and Cpry, shall be determined from Tables 18.7-2 and
18.7-3, respectively, using values of effective damping determined in accordance with the following
requirements:

For fundamental-mode response (m = 1) in the direction of interest, the coefficients, Cirp and Cipy,
shall be based on the velocity exponent, a, that relates device force to damping device velocity. The
effective fundamental-mode damping shall be taken as equal to the total effective damping of the
fundamental mode less the hysteretic component of damping (Bip — Pro or Pim— Brm) at the response level
of interest (L= pp or K= pm).

For higher-mode (m > 1) or residual-mode response in the direction of interest, the coefficients, Cinrp
and Cnev, shall be based on a value of a equal to 1.0. The effective modal damping shall be taken as equal
to the total effective damping of the mode of interest (Bmp or Pmm). FoOr determination of the coefficient
Cmro, the ductility demand shall be taken as equal to that of the fundamental mode (i = pp or pu = p).

109



2015 NEHRP Provisions

Table 18.7-2 Force Coefficient, Cmrp®P

Effective Damping 42035 Y o Y] Crro=1.0°
<0.05 1.00 1.00 1.00 1.00 u>1.0
0.1 1.00 1.00 1.00 1.00 u>1.0
0.2 1.00 0.95 0.94 0.93 u>1.1
03 1.00 0.92 0.88 0.86 u>12
0.4 1.00 0.88 0.81 078 p>13
0.5 1.00 0.84 0.73 071 p>14
0.6 1.00 0.79 0.64 0.64 pn>1.6
0.7 1.00 0.75 0.55 058 n>17
0.8 1.00 0.70 0.50 053 n=>19
0.9 1.00 0.66 0.50 0.50 n>2.1
=10 1.00 0.62 0.50 0.50 pn>22

2Unless analysis or test data support other values, the force coefficient Crep for viscoelastic systems shall be taken as 1.0.
PInterpolation shall be used for intermediate values of velocity exponent, a, and ductility demand, p.
*Crrp shall be taken as equal to 1.0 for values of ductility demand, , greater than or equal to the values shown.

Table 18.7-3 Force Coefficient, Cmp/?P

Effective Damping @<0.25 a=05 a=0.75 a>10
<0.05 1.00 0.35 0.20 0.10
0.1 1.00 0.44 0.31 0.20
0.2 1.00 0.56 0.46 0.37
0.3 1.00 0.64 0.58 0.51
0.4 1.00 0.70 0.69 0.62
0.5 1.00 0.75 0.77 0.71
0.6 1.00 0.80 0.84 0.77
0.7 1.00 0.83 0.90 0.81
0.8 1.00 0.90 0.94 0.90
0.9 1.00 1.00 1.00 1.00
>1.0 1.00 1.00 1.00 1.00

@Unless analysis or test data support other values, the force coefficient Cyep for viscoelastic systems shall be taken as 1.0.
PInterpolation shall be used for intermediate values of velocity exponent, .

18.7.4.6 Inelastic Response Limits

Elements of the damping system are permitted to exceed strength limits for design loads provided it is
shown by analysis or test that each of the following conditions are satisfied:

1. Inelastic response does not adversely affect damping system function.
2. Element forces calculated in accordance with Section 18.7.4.5, using a value of Qo taken as equal
to 1.0, do not exceed the strength required to satisfy the load combinations of Section 12.4.
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CHAPTER 19, SOIL STRUCTURE INTERACTION FOR SEISMIC
DESIGN

(Replacement)

19.1 GENERAL

19.11 Scope

Determination of the design earthquake forces and the corresponding displacements of the structure shall
be permitted to consider the effects of soil-structure interaction (SSI) in accordance with this Section. SSI
may be used in conjunction with the Equivalent Lateral Force Procedure per Section 19.2.1, Modal Analysis
Procedure per Section 19.2.2, or the Response History Procedure per Chapter 16. When soil-structure
interaction effects are considered, the analytical model of the structure shall directly incorporate horizontal,
vertical, and rotational foundation and soil flexibility. For the purpose of this section both upper and lower
bound estimates for the foundation and soil stiffnesses per Section 12.13.3 shall be considered. The case
that results in the lesser reduction or greater amplification in response parameters shall be used for design.

If the provisions of this chapter are used, then Section 12.8.1.3 shall not apply.

19.1.2 Definitions

The following definitions apply to the provisions of Chapter 19:
FREE-FIELD MOTION: Motion at ground surface in absence of structure and its foundation.
FOUNDATION INPUT MOTION: Motion that effectively excites the structure and its foundation.

INERTIAL SSI: The dynamic interaction between the structure, its foundation, and the surrounding
soil due to the foundation input motion.

KINEMATIC SSI: The modification of free field ground motion due to non-vertical incident seismic
waves and spatial incoherence; the modification yields the foundation input motion.

BASE SLAB AVERAGING: Kinematic SSI of a shallow (hon-embedded) foundation due to wave
incongruence over a rigid base area.

SOIL DAMPING: The hysteretic (material) damping of the soil.

RADIATION DAMPING: The damping in the soil-structure system due to the generation and
propagation of waves away from the foundation due to dynamic displacements of the foundation relative
to the free field displacements.

19.1.2 Notation
The following notations apply to the provisions of Chapter 19:

B = Half the smaller dimension of the base of the structure
Bssi = the factor to adjust the general response spectrum for damping ratios other than 0.05

CS the seismic response coefficient determined in accordance with Section 12.8.1.1 assuming a
flexible structural base at the foundation-soil interface per Section 19.1

Ds = the depth of a soft layer overlaying a stiff layer, (Eq. 19.3-4)
G = effective shear modulus derived or approximated based on Gy and Table 19.3-2
Go = the average shear modulus for the soils beneath the foundation at small strain levels
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Ky, Kr
KXX! I<I’I’
L

M*

Qo
be
h*
Vs

VSO

Olxx, Olrr

Jes

ﬁxx, ﬁrr
By, Br
B

translational foundational stiffness (Egs. 19.3-6 & 19.3-16)
rotational foundation stiffness (Eqs. 19.3-7 & 19.3-17)
Half the larger dimension of the base of the structure

effective modal mass for the fundamental mode of vibration in the direction under
consideration

radius of the circular foundation (Egs. 19.3-18, 19.3-19, 19.3-20, 19.3-21 and 19.3-22)
site-specific response spectral modification factor for base-slab averaging

site-specific response spectral modification factor for foundation embedment

response spectral acceleration including the effects of SSI

fundamental period of the structure using a model with a flexible base
fundamental translational period of SSI system (Egs. 19.3-4 & 19.3-14)
fundamental translational period of SSI system (Eq. 19.3-5 & 19.3-15)
base shear adjusted for soil-structure interaction

base shear adjusted for soil-structure interaction determined through modal response
spectrum analysis

weight due to the modal mass in the fundamental mode, which alternatively shall be taken as
the effective seismic weight per Section 12.7.2

dimensionless frequency (Egs. 19.3-9 & 19.3-19)
effective foundation size
effective structure height

the average effective shear wave velocity over a depth of B below the base of the structure
determined using vs, and Table 19.3-1

the average shear wave velocity over a depth of B below the base of the structure
dimensionless factor, function of Poisson’s ratio (Egs. 19.3-11 & 19.3-21)
dimensionless factor, function of dimensionless frequency, a, (Egs. 19.3-12 & 19.3-22)
effective viscous damping ratio relating to foundation-soil interaction

Radiation damping ratio determined in accordance with Section 19.3.2 or Section 19.3.3
Soil hysteretic damping ratio determined in accordance with Section 19.3.4

rotational foundation damping coefficient (Egs. 19.3-10 & 19.3-20)

translational foundation damping coefficient (Egs. 19.3-8 & 19.3-18)

effective viscous damping ratio of the structure, taken as 5% unless otherwise justified by
analysis

[o is the effective viscous damping ratio of the soil-structure system, per Section 19.3

Y7
Y

19.2
19.21

expected ductility demand
the average unit weight of the soils over a depth of B below the base of the structure
Poisson’s ratio; it shall be permitted to use 0.3 for sand and 0.45 for clay soils

SSI ADJUSTED STRUCTURAL DEMANDS

Equivalent Lateral Force Procedure

To account for the effects of SSI using a linear static procedure, the base shear, (V), determined from Eqg.
12.8-1 shall be permitted to be modified as follows:
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V=V-AV 2oV (19.2-1)

AV =[CS _5 )\N (19.2-2)
BSSI

0.7 for R<3
a_{

0.5+R/15 for 3<R<6 (19.2-3)
0.9 for R>6

Bssi=41[5.6 —In (100/3) ] (19.2-4)

where

V = base shear adjusted for SSI
V = the fixed-base structure base shear computed in accordance with 12.8-1
R = the response modification factor in Table 12.2-1

Cs = the seismic response coefficient determined in accordance with Section 12.8.1.1 assuming a
fixed structural base at the foundation-soil interface

CS = the seismic response coefficient determined in accordance with Section 12.8.1.1 assuming

flexibility of the structural base at the foundation-soil interface per Section 19.1, using T as
the fundamental period of the structure in lieu of the fundamental period of the structure, T,
as determined by 12.8.2

T = fundamental period of the structure using a model with a flexible base per Section 19.1
without the limitation of C,T, in Section 12.8.2

W = weight due to the effective modal mass in the fundamental mode, alternatively shall be taken
as the effective seismic weight per Section 12.7.2

[ is the effective viscous damping ratio of the soil-structure system, per Section 19.3.

The inclusion of Kinematic Interaction Effects per Section 19.4 is not permitted with the Equivalent
Lateral Force Procedure.

19.2.2 Modal Response Spectrum Analysis

To account for the effects of SSI, a modal analysis shall be permitted to be performed per Section 12.9
using either the SSI modified general response spectrum per Section 19.2.2.1 or a SSI modified site specific
response spectrum per Section 19.2.2.2 for spectral response acceleration, S,, versus structural period, T.
The resulting response spectral acceleration shall be divided by R/(l¢). The mathematic model used for the
modal analysis shall include flexibility of the foundation and underlying soil per Section 19.1.

The inclusion of Kinematic Interaction Effects per Section 19.4 is not permitted with the Modal
Analysis Procedure.

Scaling of the lateral forces from the modal response analysis shall be per Section 12.9.4 with calculated
base shear, V, being replaced with SSI adjusted base shear, ¥, per Eq. 19.2-1 and the modal base shear, V;,
being replaced by the modal base shear calculated with the effects of SSI, 7.

The modal base shear calculated with the effects of SSI, 7, shall not be less than aV;, where a is defined
in Eqg. 19.2-3.
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19.2.2.1 SSI Modified General Design Response Spectrum

The general design response spectrum which includes the effects of SSI to be used with the modal analysis
procedure in Section 19.2.2 shall be developed as follows:

S, = [(% -2)x Tls +0.4] x Sos (19.2-5)
for0<T< Ty and
Sa = Sps/Bssi for T,< T<Ts, and (19.2-6)
Sa=Sp1/(BssiT), for Ts<T< T, and (19.2-7)
$2 = So. TU(BssiT?), for T>T, (19.2-8)

where Sps and Sp; are defined in Section 11.4.4; Ts, To, and T, are as defined in Section 11.4.5; T is the
period at the response spectrum ordinate; and Bsg is defined in Eq. 19.2-2.

19.2.2.2 SSI Site Specific Response Spectrum

A site specific response spectrum, which incorporates modifications due to SSI, shall be permitted to be
developed in accordance with the requirements of Chapter 21. The spectrum shall be permitted to be
adjusted for the effective viscous damping ratio of o, of the soil-structure system, as defined in Section
19.3, in the development of the site specific spectrum.

19.2.3 Response History Procedure

To account for the effects of SSI, a response history analysis shall be performed per Chapter 16 using
acceleration histories scaled to a site specific response spectrum modified for kinematic interaction per
Section 19.4 or other approved methods. The mathematic model used for the analysis shall include
foundation and soil flexibility per Section 19.1 and explicitly incorporate the effects of foundation damping
per Section 19.3 or by other approved methods. If SSI effects are considered, then the strength design
requirements of Section 16.1.1 shall use the base shear calculated per Section 19.2.1 or Section 19.2.2 using
a site specific response spectrum. Kinematic interaction effects per Section 19.4 shall be permitted to be
included in the determination of the site specific response spectrum.

The site specific response spectrum shall be developed per the requirements of Chapter 21 with the
following additional requirements:

1. The spectrum shall be permitted to be adjusted for Kinematic SSI effects by multiplying the
spectral acceleration ordinate at each period by the corresponding response spectrum ratios for
either base slab averaging or embedment or both base-slab averaging and embedment (RRSpsa X
RRSe) per Section 19.4 or by directly incorporating one or both of these effects into the
development of the spectrum.

2. For structures embedded in the ground, the site specific response spectrum may be developed at
the depth of the embedded base level in lieu of at grade. For this case, the response spectrum ratio
for embedment effects (RRS.) shall be taken as 1.0.

3. The site specific response spectrum modified for kinematic interaction shall not be taken as less
than 80 percent of S, as determined from a site-specific response spectrum in accordance with
Section 21.3, unless the site specific response spectrum considering SSI is subjected to peer review
and approved by the authority having jurisdiction.

4. The site specific response spectrum modified for kinematic interaction shall not be taken as less
than 70 percent of S, as determined from the general response spectrum in accordance with Section
11.4.5, unless the site specific response spectrum considering SSI is subjected to peer review and
approved by the authority having jurisdiction.
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5. Inno case shall the site specific response spectrum modified for kinematic interaction be taken as
less than 60 percent of S, as determined from the general response spectrum in accordance with
Section 11.4.5

19.3 FOUNDATION DAMPING EFFECTS

19.3.1 Foundation Damping Requirements

Foundation damping effects shall be permitted to be considered through direct incorporation of soil
hysteretic damping and radiation damping in the mathematical model of the structure.

The procedures of this section shall not be used for the following cases:

1. A foundation system consisting of discrete footings that are not interconnected and that are spaced
less than the larger dimension of the supported lateral force-resisting element in the direction
under consideration.

2. A foundation system consisting of, or including, deep foundations such as piles or piers.

3. A foundation system consisting of structural mats or interconnected by concrete slabs that are
characterized as flexible in accordance with Section 12.3.1.3 or that are not continuously
connected to grade beams or other foundation elements.

19.3.2 Effective Damping Ratio

The effects of foundation damping shall be represented by the effective damping ratio of the soil-structure
system, o, determined in accordance with Eq. 19.3-1.

_5 +- B <020 (19.3-1)
ﬂo ﬂ/ ' (:I:/ T )sff
where

Sk = effective viscous damping ratio relating to foundation-soil interaction
S = effective viscous damping ratio of the structure, taken as 5% unless otherwise justified by
analysis; and
(-T—/T)eff = effective period lengthening ratio defined in Eq. 19.3-2

The effective period lengthening ratio shall be determined in accordance with Eq. 19.3-2
- - 05
HEEUE
T eff H T

4 = expected ductility demand. For Equivalent Lateral Force or Modal Response Spectrum
Analysis procedures, u is the maximum base shear divided by the elastic base shear capacity,
or ushall be permitted to be taken as R/Qo, where R and €y, are per Table 12.2-1. For the
Response History Analysis procedures, u is the maximum displacement divided by the yield
displacement of the structure measured at the highest point above grade.

(19.3-2)

where

T = fundamental period of the structure using a model with a flexible base per Section 19.1. The
upper-bound limitation of C, T, on the fundamental period from Section 12.8.2 shall not apply
and the approximate structural period, Ta, shall not be used
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T = fundamental period of the structure determined in accordance with Section 12.8.2 based on
a mathematical model with a fixed base condition. The upper-bound limitation of C,Ta on
the fundamental period from Section 12.8.2 shall not apply and the approximate structural
period, T, shall not be used

The foundation damping ratio due to soil hysteretic damping and radiation damping, £, shall be permitted
to be determined in accordance with Eq. 19.3-2 or by other approved methods.

(T/T) -1
(T/m)°

B= ] B,+B, (19.3-3)

where

S = Soil hysteretic damping ratio determined in accordance with Section 19.3.4
S = Radiation damping ratio determined in accordance with Section 19.3.2 or Section 19.3.3

If a site over a depth B or r; below the base of the building consists of a relatively uniform layer of depth,
Ds overlaying a very stiff layer with a shear wave velocity more than twice that of the surface layer and

4% <1, then the damping values, f, in Eq. 19.3-3 shall be replaced by . per Eq. 19.3-4.

. (4D,Y
ﬂs:(vst B

19.3.3 Radiation Damping for Rectangular Foundations

(19.3-4)

The effects of radiation damping for structures with a rectangular foundation plan shall be represented by
the effective damping ratio of the soil-structure system, Br, determined in accordance with Eq. 19.3-3.

B, = 2B, (19.3-5)

()(T)

(19:36)
Tex = 27 % (19.3-7)

- 2oy o] .
<=5 [3d5) 08 .
& { ) }M (19.3-10)
R (19:3-11)
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(4y 13)(L/B)a; a,
, 2a,,
3

ﬂxx =
(K”a)HZ-Z— 0.4 3}
c8 (L/8) (19.3-12)

21-v)
v = <25
V(@-2v) (19.3-13)

(055+0.01[(L7B)-1)a;

2.4 - 0.4 3j+a§
[ (L/8) (19.3-14)

a, =1.0-

where
M=* = effective modal mass for the fundamental mode of vibration in the direction under
consideration

h* = effective structure height taken as the vertical distance from the foundation to the centroid of
the first mode shape for multistory structures per Eq. 19.3-6. Alternatively, h* shall be
permitted to be approximated as 70% of the total structure height for multistory structures or
as the full height of the structure for one-story structures

L = Half the larger dimension of the base of the structure
B = Half the smaller dimension of the base of the structure

vs = the average effective shear wave velocity over a depth of B below the base of the structure
determined using vs, and Table 19.3-1

Vso = the average shear wave velocity over a depth of B below the base of the structure

G = effective shear modulus derived or approximated based on Go and Table 19.3-2

Go = vyvso/g=the average shear modulus for the soils beneath the foundation at small strain levels
vy = the average unit weight of the soils over a depth of B below the base of the structure
v = Poisson’s ratio; it shall be permitted to use 0.3 for sandy and 0.45 for clayey soils

Table 19.3-1 Effective Shearwave Velocity Ratio (w/vso) in terms of Effective Peak
Acceleration, Sps /2.5¢

Site Class Sps/2.5=0 Sps/2.5=0.1 Sps/2.5=0.4 Sps/2.5=0.8
A 1.00 1.00 1.00 1.00
B 1.00 1.00 0.97 0.95
C 1.00 0.97 0.87 0.77
D 1.00 0.95 0.71 0.32
E 1.00 0.77 0.22 *
F * * * *

Use straight-line interpolation for intermediate values of Sps/2.5.
*Site-specific geotechnical investigation and dynamic site response analyses shall be performed.

Table 19.3-2 Effective Shear Modulus Ratio (G/Go) in terms of Effective Peak
Acceleration, Sps /2.5

Site Class Sps /2.5=0 Sps /2.5=10.1 Sps /2.5=0.4 Sps /2.5=10.8
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
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1.00 0.60 0.05

= * * *

1Use straight-line interpolation for intermediate values of Sps/2.5.

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

19.34 Radiation Damping for Circular Foundations

The effects of radiation damping for structures with a circular foundation plan shall be represented by the
effective damping ratio of the soil-structure system, 3, determined in accordance with Eq. 19.3-13.

1
B, == B, +—= 5
B US I C
T, = 2n |
M*(h*)2
TTT =2n Ay Koy
SGTf
K==
_ 8GT‘f
™ T 3(1-v)
_ T 4o
ﬂr - [(Kr )] [2]
GTf
_ 27T7‘f
Qo = Tvs
_ (7T1/J/4)a0
Brr - Krr [2+a0 [Zarr]

0.35a’
a, =1.0- G
1.0+a)

rs = radius of the circular foundation

where

(19.3-15)

(19.3-16)

(19.3-17)
(19.3-18)

(19.3-19)

(19.3-20)

(19.3-21)

(19.3-22)

(19.3-23)

(19.3-24)

vs = the average effective shear wave velocity over a depth of rs below the base of the structure

determined using vs, and Table 19.3-1

Vso = the average shear wave velocity over a depth of r: below the base of the structure

y = the average unit weight of the soils over a depth of r; below the base of the structure

19.35 Soil Damping

The effects of soil damping for structures shall be represented by the effective damping ratio of the soil-
structure system, s determined based on a site specific study. Alternatively, it shall be permitted to

determine 3s in accordance with Table 19.3-3.
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Table 19.3-3 Soil Damping Ratio in terms of Effective Peak Acceleration, Sps /2.5

Site Class Sps/2.5=0 Sps/2.5=10.1 Sps/2.5=0.4 Sps/2.5=0.8
A 0.01 0.01 0.01 0.01
B 0.01 0.01 0.01 0.02
C 0.01 0.01 0.03 0.05
D 0.01 0.02 0.07 0.15
E 0.01 0.05 0.20 *
F * * * *

1Use straight-line interpolation for intermediate values of Sps/2.5.
*Site-specific geotechnical investigation and dynamic site response analyses shall be performed.

19.4 KINEMATIC INTERACTION EFFECTS

Kinematic interaction effects shall be permitted to be represented by response spectra factors RRSysa for
base slab averaging and RRS. for embedment, which are multiplied by the spectral acceleration ordinates
on the response spectrum at each period. The response spectra factors are calculated in accordance with
Sections 19.4.1 and 19.4.2. Modification of the response spectrum for kinematic interaction effects shall
be permitted only for use with the response history analysis provisions of Chapter 16. Such modification
shall be performed using site specific response spectrum developed in accordance with Chapter 21 and
subject to the limitations in Sections 19.2.3, 19.4.1 and 19.4.2.

The product of RRSysa X RRSe, shall not be less than 0.6.

194.1

Consideration of the effects of base slab averaging shall be permitted. Such effects shall be accounted for
through the development of site specific transfer functions that represent the kinematic interaction effects
expected at the site for a given foundation configuration.

Base Slab Averaging

Alternatively, modifications for base slab averaging using the procedures of this section shall be
permitted for the following cases:

1. All structures located on Site Class C, D, or E; and

2. Structures that have structural mats or foundation elements interconnected with concrete slabs or
that are continuously connected with grade beams or other foundation elements of sufficient lateral
stiffness so as not to be characterized as flexible under the requirements of Section 12.3.1.3

The RRS factor for base slab averaging, RRSksa, shall be determined using Eq. 19.4-1 for each period
required for analysis.

Y2
RRS,, =0.25+0.75x {biz - (exp(- 20,7 ) x B, }

(19.4-1)
0
where
6 8 10
1+hb? +by’ +bi+bi+b°— b, <1
2 4 12
e [exp(ZbZ)]{ 1 [1 L H by >1
0 T AR2 0
Vb, 1685 (19.4-2)
b
b, =0.00071x (j
T
(19.4-3)
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be = effective foundation size (ft.);

D, = A, $260ft. 1944

650<v, <1650

(v in ft./s)
In SI

b, =0.0023x (b_j
T

(19.4-3M)
b, = effective foundation size (m);

b, = A <80M. (19.4-4M)
200<v, <500

(vs In m/s)
T = response spectra ordinate period, which shall not be taken as less than 0.20 s when used in
Eq. 19.4-3
Anase = area of the base of the structure, (ft?> or m?); and

19.4.2 Embedment

The response spectrum shall be developed based on a site specific study at the depth of the base of the
structure. Alternatively, modifications for embedment shall be permitted using the procedures of this
section.

The RRS factor for embedment, RRS,, shall be determined using Eq. 19.4-6 for each period required
for analysis.

Tv

S

RRS, =0.25+0.75x cos(z—ﬂej >0.50
(19.4-6)
where
e = foundation embedment depth (ft.), not greater than 20 feet. A minimum of 75% of the

foundation footprint shall be present at the embedment depth. For structures located on
sloping sites, the shallowest embedment shall be taken as the foundation embedment;

vs = shear wave velocity for site soil conditions. This velocity shall be taken as the average value
of velocity over the embedment depth of the foundation per Table 19.3-1 and shall not be
less than 650 ft./s (200 m/s);

T = response spectra ordinate period, which shall not be taken as less than 0.20 s when used in
Eq. 19.4-6;

n= w/G/GO shear wave velocity reduction factor or per table 19.3-2;

G = effective shear modulus ratio for the soils beneath the foundation or approximated using
Table 19.3-2 and Go
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Go = y(vs0)’lg =the average shear modulus for the soils beneath the foundation at small strain levels
the average unit weight of the soils

vso = the average shear wave velocity for the soils beneath the foundation at small strain levels (10
% percent or less) over a depth of B or rt below the base of the foundation. B and rrare defined
in Section 19.3

=<
1
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CHAPTER 21, SITE SPECIFIC GROUND MOTION PROCEDURES FOR
SEISMIC DESIGN

(Modifications)

SECTION 21.4

21.4 Design Acceleration Parameters
Revise the first paragraph of Section 21.4 as follows:

Where the site-specific procedure is used to determine the design ground motion in accordance with Section
21.3, the parameter Sps shall be taken as 90 percent of the maximum spectral acceleration, S,, obtained from
the site specific spectrum, at any period within the range from 0.2 s to 5 s, inclusive. The parameter Sp:
shall be taken as the maximum value of the product, TS,, for periods from 1 s to 2 s for sites with vs3o >
1,200 ft./s and for periods from 1 s to 5 s for sites with vs 3o < 1,200 ft./s. The parameters Susand Sw: shall
be taken as 1.5 times Sps and Spa, respectively. The values so obtained shall not be less than 80 percent of
the values determined in accordance with Section 11.4.3 for Sus and Sw: and Section 11.4.4 for Sps and Sps.
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CHAPTER 22, SEISMIC GROUND MOTION, LONG-PERIOD
TRANSITION AND RISK COEFFICIENT MAPS

(Modifications)

INTRODUCTION
Replace the chapter introduction with the following:

Contained in this chapter are Figs. 22-1 through 22-8, which provide the risk-targeted maximum considered
earthquake (MCER) ground motion parameters Ss and Si; Figs. 22-9 through 22-13, which provide the
maximum considered earthquake geometric mean (MCEg) peak ground accelerations as a percentage of g
for Site Class B; Figs. 22-14 through 22-17, which provide the long-period transition periods T, for use in
applying the seismic provisions of this standard; and Figs. 22-18 and 22-19, which provide the risk
coefficients Cgrs and Cri. Ss is the mapped MCEg, 5 percent damped, spectral response acceleration
parameter at short periods as defined in Section 11.4.1. S; is the mapped MCEg, 5 percent damped, spectral
response acceleration parameter at a period of 1 s as defined in Section 11.4.1. Cgs is the mapped risk
coefficient at short periods used in Section 21.2.1.1. Cg; is the mapped risk coefficient at a period of 1 s
used in Section 21.2.1.1. T, is the mapped long-period transition period used in Section 11.4.5.

These maps were prepared by the United States Geological Survey (USGS) in collaboration with the
Building Seismic Safety Council (BSSC) Provisions Update Committee and the American Society of Civil
Engineers (ASCE) 7 Seismic Subcommittee. The following maps have been updated from the maps
contained in ASCE 7-10: Figures 22-1, 22-2, 22-7, 22-8, 22-9, 22-13, 22-18 and 22-19.

Maps of the long-period transition periods, T,, for Guam and the Northern Mariana Islands and for
American Samoa are not provided because parameters have not yet been developed for those islands via
the same deaggregation computations done for the other U.S. regions. Therefore, as in previous editions of
this standard, the parameter T, shall be 12 seconds for those islands.

The following is a list of figures contained in this chapter:

FIGURE 22-1 SsRisk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion Parameter
for the Conterminous United States for 0.2 s Spectral Response Acceleration (5% of Critical Damping),
Site Class B.

FIGURE 22-2 S; Risk-Targeted Maximum Considered Earthquake (MCERg) Ground Motion Parameter
for the Conterminous United States for 1.0 s Spectral Response Acceleration (5% of Critical Damping),
Site Class B.

FIGURE 22-3 Ss Risk-Targeted Maximum Considered Earthquake (MCERg) Ground Motion Parameter
for Alaska for 0.2 s Spectral Response Acceleration (5% of Critical Damping), Site Class B.

FIGURE 22-4 S; Risk-Targeted Maximum Considered Earthquake (MCERg) Ground Motion Parameter
for Alaska for 1.0 s Spectral Response Acceleration (5% of Critical Damping), Site Class B.

FIGURE 22-5 Ss and S: Risk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion
Parameter for Hawaii for 0.2 and 1.0 s Spectral Response Acceleration (5% of Critical Damping), Site Class
B.

FIGURE 22-6 Ss and S: Risk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion
Parameter for Puerto Rico and the Unites States Virgin Islands for 0.2 and 1.0 s Spectral Response
Acceleration (5% of Critical Damping), Site Class B.
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FIGURE 22-7 Ss and S; Risk-Targeted Maximum Considered Earthquake (MCEgr) Ground Motion
Parameter for Guam and the Northern Mariana Islands for 0.2 and 1.0 s Spectral Response Acceleration
(5% of Critical Damping), Site Class B.

FIGURE 22-8 Ss and S; Risk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion
Parameter for American Samoa for 0.2 and 1.0 s Spectral Response Acceleration (5% of Critical Damping),
Site Class B.

FIGURE 22-9 Maximum Considered Earthquake Geometric Mean (MCEg) PGA, %g, Site Class B for
the Conterminous United States.

FIGURE 22-10 Maximum Considered Earthquake Geometric Mean (MCEg) PGA, %g, Site Class B
for Alaska.

FIGURE 22-11 Maximum Considered Earthquake Geometric Mean (MCEg) PGA, %g, Site Class B
for Hawaii.

FIGURE 22-12 Maximum Considered Earthquake Geometric Mean (MCEg) PGA, %g, Site Class B
for Puerto Rico and the United States Virgin Islands.

FIGURE 22-13 Maximum Considered Earthquake Geometric Mean (MCEg) PGA, %g, Site Class B
for Guam and the Northern Mariana Islands and for American Samoa.

FIGURE 22-14 Mapped Long-Period Transition Period, T, (s), for the Conterminous United States.
FIGURE 22-15 Mapped Long-Period Transition Period, T, (s), for Alaska.
FIGURE 22-16 Mapped Long-Period Transition Period, T, (s), for Hawaii.

FIGURE 22-17 Mapped Long-Period Transition Period, T (S), for Puerto Rico and the United States
Virgin Islands.

FIGURE 22-18 Mapped Risk Coefficient at 0.2 s Spectral Response Period, Crgs.
FIGURE 22-19 Mapped Risk Coefficient at 1.0 s Spectral Response Period, Cr.
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/ DISCUSSION

Maps prepared by United States Geological Survey (USGS) in
collaboration with the Federal Emergency Management Agency
(FEMA)-funded Building Seismic Safety Council (BSSC) and the
American Society of Civil Engineers (ASCE). The basis is
explained in commentaries prepared by BSSC and ASCE and in
the references.

Ground motion values contoured on these maps incorporate:

« a target risk of structural collapse equal to 1% in 50 years
based upon a generic structural fragility

«a factor of 1.1 to adjust from a geometric mean to the
‘maximum response regardless of direction

« deterministic upper limits imposed near large, active faults,
which are taken as 1.8 times the estimated median response
to the characteristic carthquake for the governing fault
(1.8 is used to represent the 84th percentile response), but
not less than 150% g.

As such, the values are different from those on the uniform-
hazard 2014 USGS National Seismic Hazard Maps posted at:
htty usgs.gov/!

Larger, more detailed versions of these maps are not provided
because it is recommended that the corresponding USGS web
tool (http:/ usg; ig or
http://content.seinstitute.org) be used to determine the mapped
value for a specified location.

REFERENCES

American Society of Civil Engineers, 2010, Minimum Design Loads
for Buildings and Other Structures: ASCE/SEI 7-10, ASCE
Structural Engineering Institute, Reston, Virginia.

Building Seismic Safety Council, 2009, NEHRP Recommended
Seismic Provisions for New Buildings and Other Structures: FEMA
P-750/2009 Edition, Federal Emergency Management Agency,
Washington, DC.

Huang, Yin-Nan, Whittaker, A.S., and Luco, Nicolas, 2008, Maximum
spectral demands in the near-fault region, Earthquake Spectra,
Volume 24, Issue 1, pp. 319-341.

Luco, N., Ellingwood, B.R., Hamburger, R.0., Hooper, 1.D.,
Kimball, J.K., and Kircher, C.A., 2007, Risk-Targeted versus
Current Seismic Design Maps for the Conterminous United States,
Structural Engineers Association of California 2007 Convention
Proceedings, pp. 163-175.

Petersen, M.D., Moschetti, M.P., Powers, P.M., Mueller, C.S.,

Haller, K.M., Frankel, A.D., Zeng, Y., Rezacian, S., Harmsen, S.C.,
Boyd, O.L,, Field, E.H., Chen, R., Rukstales, K.S., Luco, N.,
Wheeler, R.L., Williams, R.A., and Olsen, A.H., 2014,
Documentation for the 2014 Update of the United States National
Seismic Hazard Maps: U.S. Geological Survey Open-File Report
2014-1091, 224 p.

FIGURE 22-1 Ss Risk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion
Parameter for the Conterminous United States for 0.2 s Spectral Response Acceleration (5%

of Critical Damping), Site Class B
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FIGURE 22-1 (continued) Ss Risk-Targeted Maximum Considered Earthquake (MCER)
Ground Motion Parameter for the Conterminous United States for 0.2 s Spectral Response
Acceleration (5% of Critical Damping), Site Class B
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DISCUSSION REFERENCES
Maps prepared by United States Geological Survey (USGS) in

with the Federal Agency
(FEMA)-funded Building Seismic Safety Council (BSSC) and the
American Society of Civil Engincers (ASCE). The basis is
explained in commentaries prepared by BSSC and ASCE and in
the references.

American Society of Civil Engineers, 2010, Minimum Design Loads
for Buildings and Other Structures: ASCE/SEI 7-10, ASCE
Structural Engineering Institute, Reston, Virginia.

Building Seismic Safety Council, 2009, NEHRP Recommended
Seismic Provisions for New Buildings and Other Structures: FEMA
P-750/2009 Edition, Federal Emergency Management Agency,

Ground motion values contoured on these maps incorporate: Washington, DC.

« a target risk of structural collapse equal to 1% in 50 years  Huang, Yin-Nan, Whittaker, A.S., and Luco, Nicolas, 2008, Maximum

based upon a generic structural fragility spectral demands in the near-fault region, Earthquake Spectra,

«a factor of 1.3 to adjust from a geometric mean to the Volume 24, Issue 1, pp. 319-341.

maximum response regardless of direction Luco, N., Ellingwood, B.R., Hamburger, R.O., Hooper, J.D.,

« deterministic upper limits imposed near large, active faults,  Kimball, J.K., and Kircher, C.A., 2007, Risk-Targeted versus
which are taken as 1.8 times the estimated median response  Current Seismic Design Maps for the Conterminous United States,
to the characteristic carthquake for the governing fault Structural Engineers Association of California 2007 Convention
(1.8 s used to represent the 84th percentile response), but Proceedings, pp. 163-175.
not less than 60% g. Petersen, M.D., Moschetti, M.P., Powers, P.M., Mueller, C.S.,

As such, the values are different from those on the uniform- Haller, K.M., Frankel, A.D., Zeng, Y., Rezaeian, S., Harmsen, S.C.,

hazard 2014 USGS National Seismic Hazard Maps posted at: Boyd, O.L., Field, E.H., Chen, R., Rukstales, K.S., Luco, N.,

http usg di Wheeler, R.L., Williams, R.A., and Olsen, A.H., 2014,

Larger, more detailed versions of these maps are not provided Documentation for the 2014 Update of the United States National
because it is recommended that the corresponding USGS web Seismic Hazard Maps: U.S. Geological Survey Open-File Report i
tool (http: usgs. or 2014-1091,224 p
http://content seinstitute.org) be used to determine the mapped
value for a specified location

/

FIGURE 22-2 S; Risk-Targeted Maximum Considered Earthquake (MCEgr) Ground Motion
Parameter for the Conterminous United States for 1.0 s Spectral Response Acceleration (5%
of Critical Damping), Site Class B
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FIGURE 22-2 (continued) S: Risk-Targeted Maximum Considered Earthquake (MCER)
Ground Motion Parameter for the Conterminous United States for 1.0 s Spectral Response
Acceleration (5% of Critical Damping), Site Class B
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160 70 130
Explanation
Contour intervals, %g Areas with a constant speetral response
cecleration of 150% &
— xo—
s ——10—— Contours of spectral response
s meeefgmeeaceeleration expressed as a percent of
——10——  gravity. Hachures point i direction of
s bt decreasing values
e Point value of spectral response -
—— Fa acceleration expressed as a percent -
of gravity
o
—n— DISCUSSION
—e— Maps prepared by United States Geological Survey (USGS) in
collaboration with the Federal Emergency Management Agency
— % (FEMA)-funded Building Seismic Safety Council (BSSC) and
e the American Society of Civil Engineers (ASCE). The basis is
explained in commentaries prepared by BSSC and ASCE and in
PV the references.
‘Ground motion values contoured on these maps incorporatc:
SN +a target risk of structural collapse equal to 1% in 5 B
based upon a generic structural fragility
—x— +a factor of 1.1 1o adjust from a geometric mean to the
maximum response regardless of direction
—a— « deterministic upper limits imposed near large, active faults,
which are taken as 1.8 times the estimated median response
— 1o the characteristic carthquake for the governing fault (1.8
e is used to represent the 4th percentile response), but not
less than 150% g.
s As such, the values are different from those on the uniform-
hazard 2007 USGS National Seismic Hazard Maps for Alaska %
posted at hitp//carthquake.usgs. gov/hazmaps.
Larger, more detailed versions of these maps are not provided
because i s recommended that the corresponding USGS web
100l (htip: /earthquake.usgs.gov/designmaps or
hitp://content.seinsiitute.org) be used to determine the mapped
value for a specified location.
REFERENCES
Building Seismic Safety Council, 2009, NEHRP Recommended
Seismic Provisions for New Buildings and Other Structures: FEMA
P-750/2009 Edition, Federal Emergency Management Agency.
Washington, DC
Huang. Yin-Nan, Whitiaker, A.S...and Luco, Nicolas, 2008, 0
Maximum spectral demands in the near-fault region, Earthquake
Spectra, Volume 24, Issue I, pp. 319-341 -
Luco, Nicolas, Ellingwood, B.R.. Hamburger. R.0., Hooper, I.D.,
/ Kimball, J K., and Kircher, C.A., 2007, Risk-Targeted versus

Current Seismic Design Maps for the Conterminous United States,
Structural Engineers Association of California 2007 Convention
Proceedings, pp. 163-175.

100 0 100 200 300 400 500 Miles Wesson, R.L., Boyd, O.5., Mueller, CS., Bufe, C.G., Frankel, AD.,
[ | | | | | Petersen, M.D.. 2007, K of time-dependent probabilistic
seismic hazard maps for Alaska: U.S. Geological Survey Open-File
g
100 0 100 200 300 400 500 Kilometers Kepor 2007104

FIGURE 22-3 Ss Risk-Targeted Maximum Considered Earthquake (MCEg) Ground Motion
Parameter for Alaska for 0.2 s Spectral Response Acceleration (5% of Critical Damping),
Site Class B
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—— DISCUSSION
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I the American Society of Civil Engineers (ASCE). The basis is \
explained in commentaries prepared by BSSC and ASCE and in
— the references. X
‘Ground motion values contoured on these maps incorpora
P — +a target risk of structural collapse equal o 1% in 50 y B
based upon a generic structural fragility
— 10— +a factor of 1.3 1o adjust from a geometric mean to the
‘maximum response regardless of direction
—— « deterministic upper limits imposed near large, active faults,
which are taken as 1.8 times the estimated median response
— 10 the characteristic carthquake for the governing fault (1.8
. is used to represent the $4th percentile response). but not
less than 60% g.
0 As such, the values are different from those on the uniform-
hazard 2007 USGS National Seismic Hazard Maps for Alaska %
posted at htps//carthquake.usgs. gov/hazmaps
Larger, more detailed versions of these maps are not provided
because it s recommended that the corresponding USGS web
100l (htip: /earthquake.usgs.gov/designmaps or
hitp:/fcontent.seinsiitute.org) be used to determine the mapped

value for a specified location.

REFERENCES

Building Seismic Safety Council, 2009, NEHRP Recommended

jons for New Buildings and Other Structures: FEMA

P-750/2009 Edition, Federal Emergency Management Agency,
Washington, DC

Huang, Yin-Nan, Whittaker, A.S., and Luco, Nicolas, 2008,
Maximum spectral demands in the near-fault region, Earthquake
Spectra, Volume 24, Issue 1, pp. 319-341

Luco, Nicolas, Ellingwood, B.R.. Hamburger. R.0., Hooper, I.D.,
Kimball, J K., and Kircher, C.A., 2007, Risk-Targeted versus
Current Seismic Design Maps for the Conterminous United States,
Structural Engineers Association of California 2007 Convention

100 0 100 200 300 400 500 Miles Wetson R oy, 0, Muelr, .5, Bufe, C.G., Fankel, A
Lol 1 1 1 I 1 Petersen, M.D., 2007, Revision of time-dependent probabilistic

scismic hazard maps for Alaska: U.S. Geological Survey Open-File
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FIGURE 22-4 S; Risk-Targeted Maximum Considered Earthquake (MCEgr) Ground Motion
Parameter for Alaska for 1.0 s Spectral Response Acceleration (5% of Critical Damping),
Site Class B

132



Part 1, Provisions

Contour intervals, %g
——
— 75—
50—
s
00—
o
o
o
 —
o
0
s
oy
s
o
5
— —

Contour intervals, %g
5
— 00—

161°

23

»|-

2rf—

p.od

19 100 Miles

|
100 0 100 Kilometers

18 I I I AN

19 100 Miles

100 Kilometers

18 I I I

1.0 Second Spectral Response Acceleration (5% of Critical Damping)

s

DISCUSSION

Maps prepared by United States Geological Survey (USGS) in
with the Federal Agency
(FEMA)-funded Building Seismic Safety Council (BSSC) and
the American Society of Civil Engineers (ASCE). The basis is
explained in commentaries prepared by BSSC and ASCE and in
the references.

Ground motion values contoured on these maps incorporate:

« a target risk of structural collapse equal to 1% in 50 years
based upon a generic structural fragility

« deterministic upper limits imposed near large, active faults,
which are taken as 1.8 times the estimated median response
to the characteristic earthquake for the governing fault (1.8
is used to represent the 84th percentile response), but not
less than 150% and 60% g for 0.2 and 1.0 sec, respectively.

As such, the values are different from those on the uniform-
hazard 1998 USGS National Seismic Hazard Maps for Hawaii
posted at http://earthquake.usgs.gov/hazmaps.

Larger, more detailed versions of these maps are not provided
because it is recommended that the corresponding USGS web
tool (http://earthquake.usgs.gov/designmaps or
http://content.seinstitute.org) be used to determine the mapped
value for a specified location.
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FIGURE 22-5 Ss and S; Risk-Targeted Maximum Considered Earthquake (MCEg) Ground
Motion Parameter for Hawaii for 0.2 and 1.0 s Spectral Response Acceleration (5% of
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DISCUSSION
— 10— )
— 10— Maps prepared by United States Geological Survey (USGS) in 50 0 50 Miles
with the Federal Agency L [ R R R R | |
(FEMA)-funded Building Seismic Safety Council (BSSC) and M7 1
S0 the American Society of Civil Engineers (ASCE). The basis is .
Contours of spectral response explained in commentaries prepared by BSSC and ASCE and in 50 0 50 Kilometers
acceleration expressed as a percent the references.
of gravity. Hachures point in Ground motion values contoured on these maps incorporate:
direction of decreasing values, « a target risk of structural collapse equal to 1% in 50 years e N
based upon a generic structural fragility REFERENCES
+a factor of 1.1 and 1.3 for 0.2 and 1.0 sec, respectively, to
adjust from a geometric mean to the maximum response Building Seismic Safety Council, 2009, NEHRP Recommended
E regardless of direction Seismic Provisions for New Buildings and Other Structures: FEMA
L7 « deterministic upper limits imposed near large, active faults, P-750/2009 Edition, Federal Emergency Management Ageney,
Point value of spectral response which are taken as 1.8 times the estimated median response Washington, DC. ,
cloration o ot to the characteristic earthquake for the governing fault (1.8 Huang, Yin-Nan, Whittaker, A.S., and Luco, Nicolas, 2008,
deeclerion expressad as a pereent is used to represent the 84th percentile response), but not Maximum spectral demands in the near-fault region, Earthquake
of gravity less than 150% and 60% g for 0.2 and 1.0 sec, respectively. Spectra, Volume 24, Issue 1, pp. 319-341
As such, the values are different from those on the uniform- Luco, Nicolas, Elllng“inﬂd, BR., “amb"rg?r. R.O., Hooper, ].D.,
hazard 2003 USGS National Seismic Hazard Maps for Puerto Kimball, K., and Kircher, C.A., 2007, Risk-Targeted versus
Rico and the U.S. Virgin Islands posted at Current Seismic Design Maps for the Conterminous United States,
hitp://fearthquake.usgs.gov/hazmaps. Structural Engineers Association of California 2007 Convention
Larger, more detailed versions of these maps are not provided Proceedings, pp. 163-175.
because it is recommended that the corresponding USGS web Mueller, C.S., Frankel, A.D., Petersen, M.D., and Leyendecker, E.V.,
tool (http:/earthquake.usgs.gov/designmaps or 2003, Documentation for the 2003 USGS Seismic Hazard Maps for
http://content.seinstitute.org) be used to determine the mapped Puerto Rico and the U.S. Virgin Islands: U.S. Geological Survey
\yalue for a specified location. Open-File Report 03-379.

FIGURE 22-6 Ss and S; Risk-Targeted Maximum Considered Earthquake (MCEgr) Ground
Motion Parameter for Puerto Rico and the Unites States Virgin Islands for 0.2 and 1.0 s
Spectral Response Acceleration (5% of Critical Damping), Site Class B
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basis is explained in commentary prepared by BSSC and in the
references.
Ground motion values contoured on these maps incorporate:
« a target risk of structural collapse equal to 1% in 50 years
based upon a generic structural fragility
«a factor of 1.1 and 1.3 for 0.2 and 1.0 sec, respectively, to
adjust from a geometric mean to the maximum response
regardless of direction
« deterministic upper limits imposed near large, active faults,
which are taken as 1.8 times the estimated median response
to the characteristic carthquake for the governing fault (1.8
is used to represent the 84th percentile response), but not
less than 150% and 60% g for 0.2 and 1.0 sec, respectively.
As such, the values are different from those on the uniform-
hazard 2012 USGS National Seismic Hazard Maps for Guam
and the Northern Mariana Islands posted at
htp://earthquake.usgs.gov/hazmaps.
Larger, more detailed versions of these maps are not provided
because it is recommended that the corresponding USGS web
tool (http://earthquake.usgs.gov/designmaps) be used to

determine the mapped value for a specified location.
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FIGURE 22-9 (continued) Maximum Considered Earthquake Geometric Mean (MCEg) PGA,
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FIGURE 22-18 (continued) Mapped Risk Coefficient at 0.2 s Spectral Response Period, Crs
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FIGURE 22-18 (continued) Mapped Risk Coefficient at 0.2 s Spectral Response Period, Crs
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FIGURE 22-19 (continued) Mapped Risk Coefficient at 1.0 s Spectral Response Period, Cr;:
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FIGURE 22-19 (continued) Mapped Risk Coefficient at 1.0 s Spectral Response Period, Cr:
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CHAPTER 23A, VERTICAL GROUND MOTIONS FOR SEISMIC DESIGN
(Retained from the 2009 NEHRP Provisions)

23.1 DESIGN VERTICAL RESPONSE SPECTRUM

Where a design vertical response spectrum is required by these Provisions and site-specific procedures are
not used, the design vertical response spectral acceleration, Say, (in g — gravity unit) shall be developed as
follows:

1. For vertical periods less than or equal to 0.025 second, Sy shall be determined in accordance with
Equation 23.1-1 as follows:

Sav = 0.3CvSDs (23.1-1)

2. For vertical periods greater than 0.025 second and less than or equal to 0.05 second, Say shall be
determined in accordance with Equation 23.1-2 as follows:

Sav = 20CySps(Ty - 0.025)+0.3CySps (23.1-2)

3. For vertical periods greater than 0.05 second and less than or equal to 0.15 second, Say shall be
determined in accordance with Equation 23.1-3 as follows:

Sav = 0.8CvSDs (23.1-3)

4. For vertical periods greater than 0.15 second and less than or equal to 2.0 seconds, Sa shall be
determined in accordance with Equation 23.1-4 as follows:

015"
Sav = 08CVSDS [T_j

\Y

(23.1-4)

where Cy is defined in terms of Sg in Table 23.1-1, Sps = the design spectral response acceleration parameter
at short periods, and Ty = the vertical period of vibration.

Table 23.1-1 Values of Vertical Coefficient Cvy

MCER Spectral Response Parameter at Short Periods * Site Class A, B Site Class C Site Class D, E, F
$s>2.0 0.9 1.3 1.5
Ss=1.0 0.9 1.1 1.3
Ss=0.6 0.9 1.0 1.1
Ss=0.3 0.8 0.8 0.9
Ss<0.2 0.7 0.7 0.7

2 Use straight-line interpolation for intermediate values of Ss .

Sav shall not be less than one-half (1/2) of the corresponding Sa for horizontal components determined
in accordance with the general or site-specific procedures of Section 11.4 or Chapter 21, respectively.

For vertical periods greater than 2.0 seconds, Sav shall be developed from a site-specific procedure;
however, the resulting ordinate of Sa shall not be less than one-half (1/2) of the corresponding Sa for
horizontal components determined in accordance with the general or site-specific procedures of Section
11.4 or Chapter 21, respectively.

In lieu of using the above procedure, a site-specific study may be performed to obtain S,y at vertical
periods less than or equal to 2.0 seconds, but the value so determined shall not be less than 80 percent of
the Sav value determined from Equations 23.1-1 through 23.1-4.

23.2 MCEr VERTICAL RESPONSE SPECTRUM

The MCER vertical response spectral acceleration shall be 150 percent of the S, determined in Section 23.1.
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CHAPTER 24, ALTERNATIVE SEISMIC DESIGN REQUIREMENTS FOR
SEISMIC DESIGN CATEGORY B BUILDINGS

(Added New Chapter)

241 GENERAL

2411 Scope and Applicability

The seismic analysis and design requirements in this chapter are permitted to be used in lieu of the
requirements in Chapter 12 and Chapter 13 for the seismic analysis and design of structures assigned to
Seismic Design Category B and for the design of parapets and egress stairways attached to those structures.
Nonbuilding structures as defined in Chapter 15 and below, seismically isolated structures as defined in
Chapter 17, and structures with damping systems as defined in Chapter 18, are not permitted to be designed
by the procedures in this chapter.

Where the weight of a nonstructural component is greater than or equal to 25 percent of the effective
seismic weight, W, of the structure as defined in Section 12.7.2, the component shall be classified as a
nonbuilding structure and is not permitted to be designed in accordance with Chapter 24.

24.2 STRUCTURAL DESIGN BASIS

2421 Basic Requirements

The building structure shall include complete lateral and vertical force-resisting systems capable of
providing adequate strength, stiffness, and energy dissipation capacity to withstand the design ground
motions within the prescribed limits of deformation and strength demand. The design ground motions shall
be assumed to occur along any horizontal direction of a building structure. The adequacy of the structural
systems shall be demonstrated through the construction of a mathematical model and evaluation of this
model for the effects of design ground motions. The design seismic forces, and their distribution over the
height of the building structure, shall be established in accordance with one of the applicable procedures
indicated in Section 24.7 and the corresponding internal forces and deformations in the members of the
structure shall be determined. An approved alternative procedure shall not be used to establish the seismic
forces and their distribution unless the corresponding internal forces and deformations in the members are
determined using a model consistent with the procedure adopted.

2422 Member Design, Connection Design, and Deformation Limit

Individual members, including those not part of the seismic force—resisting system, shall be provided with
adequate strength to resist the shears, axial forces, and moments determined in accordance with this
standard, and connections shall develop the strength of the connected members or the forces indicated in
Section 24.2.1. The deformation of the structure shall not exceed the prescribed limits where the structure
is subjected to the design seismic forces.

24.2.3 Continuous Load Path and Interconnection

A continuous load path, or paths, with adequate strength and stiffness shall be provided to transfer all forces
from the point of application to the final point of resistance. All parts of the structure between separation
joints shall be interconnected to form a continuous path to the seismic force-resisting system, and the
connections shall be capable of transmitting the seismic force (F,) induced by the parts being connected.
Any smaller portion of the structure shall be tied to the remainder of the structure with elements having a
design strength capable of transmitting a seismic force of 5 percent of the weight of the smaller portion.
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This connection force does not apply to the overall design of the seismic force-resisting system. Connection
design forces need not exceed the maximum forces that the structural system can deliver to the connection.

24.2.4 Connection to Supports

A positive connection for resisting a horizontal force acting parallel to the member shall be provided for
each beam, girder, or truss either directly to its supporting elements, or to slabs designed to act as
diaphragms. Where the connection is through a diaphragm, then the member’s supporting element must
also be connected to the diaphragm. The connection shall have a minimum design strength of 5 percent of
the dead plus live load reaction.

2425 Foundation Design

The foundation shall be designed to resist the forces developed and accommodate the movements imparted
to the structure by the design ground motions. The dynamic nature of the forces, the expected ground
motion, the design basis for strength and energy dissipation capacity of the structure, and the dynamic
properties of the soil shall be included in the determination of the foundation design criteria. The design
and construction of foundations shall comply with Section 24.14.

24.2.6 Material Design and Detailing Requirements

Structural elements including foundation elements shall conform to the material design and detailing
requirements set forth in Chapter 14.

24.3 STRUCTURAL SYSTEM SELECTION

243.1 Selection and Limitations

The basic lateral and vertical seismic force-resisting system shall conform to one of the types indicated in
Table 24.3-1 or a combination of systems as permitted in Sections 24.3.2, 24.3.3, and 24.3.4. Each type is
subdivided by the types of vertical elements used to resist lateral seismic forces. The structural system used
shall be in accordance with the structural system limitations and the limits on structural height, hn, contained
in Table 24.3-1. The appropriate response modification coefficient, R, overstrength factor, Qq, and the
deflection amplification factor, Cq, indicated in Table 24.3-1 shall be used in determining the base shear,
element design forces, and design story drift.

Each selected seismic force-resisting system shall be designed and detailed in accordance with the
specific requirements for the system as set forth in the applicable reference document listed in Table 24.3-
1 and the additional requirements set forth in Chapter 14.

Seismic force-resisting systems not contained in Table 24.3-1 are permitted provided analytical and
test data are submitted to the authority having jurisdiction for approval that establish their dynamic
characteristics and demonstrate their lateral force resistance and energy dissipation capacity to be equivalent
to the structural systems listed in Table 24.3-1 for equivalent values of response modification coefficient,
R, overstrength factor, Qo, and deflection amplification factor, Cq.

24.3.2 Combinations of Framing Systems in Different Directions

Different seismic force-resisting systems are permitted to be used to resist seismic forces along each of the
two orthogonal axes of the structure. Where different systems are used, the respective R, Cq, and Qo
coefficients shall apply to each system, including the structural system limitations contained in Table 24.3-
1.

156



Part 1, Provisions

24.3.3 Combinations of Framing Systems in the Same Direction

Where different seismic force-resisting systems are used in combination to resist seismic forces in the same
direction, other than those combinations considered as dual systems, the most stringent applicable structural
system limitations contained in Table 24.3-1 shall apply and the design shall comply with the requirements
of this section.

24.3.3.1 R, Cq4, and QcValues for Vertical Combinations
Where a structure has a vertical combination in the same direction, the following requirements shall apply:

1. Where the lower system has a lower Response Modification Coefficient, R, the design coefficients
(R, Qo, and Cy) for the upper system are permitted to be used to calculate the forces and drifts of
the upper system. For the design of the lower system, the design coefficients (R, Qo, and Cg) for
the lower system shall be used. Forces transferred from the upper system to the lower system shall
be increased by multiplying by the ratio of the higher response modification coefficient to the
lower response modification coefficient.

2. Where the upper system has a lower Response Modification Coefficient, the Design Coefficients
(R, ©0, and Cy) for the upper system shall be used for both systems.

EXCEPTIONS:

1. Rooftop structures not exceeding two stories in height and 10 percent of the total structure weight.

2. Other supported structural systems with a weight equal to or less than 10 percent of the weight of
the structure.

3. Detached one- and two-family dwellings of light-frame construction.

24.3.3.2 Two Stage Analysis Procedure

A two-stage equivalent lateral force procedure is permitted to be used for structures having a flexible upper
portion above a rigid lower portion, provided the design of the structure complies with all of the following:

e The stiffness of the lower portion shall be at least 10 times the stiffness of the upper portion.

e The period of the entire structure shall not be greater than 1.1 times the period of the upper
portion considered as a separate structure supported at the transition from the upper to the
lower portion.

e The upper portion shall be designed as a separate structure using the appropriate value-of R.

e The lower portion shall be designed as a separate structure using the appropriate value of R.
The reactions from the upper portion shall be those determined from the analysis of the upper
portion amplified by the ratio of R of the upper portion over R of the lower portion. This ratio
shall not be less than 1.0.

e The upper portion is analyzed with the equivalent lateral force or modal response spectrum
procedure, and the lower portion is analyzed with the equivalent lateral force procedure.

24.3.3.3 R, Cq4, and Qp Values for Horizontal Combinations

The value of the response modification coefficient, R, used for design in the direction under consideration
shall not be greater than the least value of R for any of the systems utilized in that direction. The deflection
amplification factor, Cq, and the overstrength factor, Qo, shall be consistent with R required in that direction.

EXCEPTION: Resisting elements are permitted to be designed using the least value of R for the
different structural systems found in each independent line of resistance if the following three conditions
are met: (1) Risk Category I or Il building, (2) two stories or less above grade plane, and (3) use of light-
frame construction or flexible diaphragms. The value of R used for design of diaphragms in such structures
shall not be greater than the least value of R for any of the systems utilized in that same direction.

157



2015 NEHRP Provisions

2434 Combination Framing Detailing Requirements

Structural members common to different framing systems used to resist seismic forces in any direction shall
be designed using the detailing requirements of this chapter required by the highest response modification
coefficient, R, of the connected framing systems.

24.3.5 System Specific Requirements

The structural framing system shall also comply with the following system specific requirements of this
section.

24.35.1 Dual System

For a dual system, the moment frames shall be capable of resisting at least 25 percent of the design seismic
forces. The total seismic force resistance is to be provided by the combination of the moment frames and
the shear walls or braced frames in proportion to their rigidities.

24.3.5.2 Cantilever Column Systems

Cantilever column systems are permitted as indicated in Table 24.3-1 and as follows. The required axial
strength of individual cantilever column elements, considering only the load combinations that include
seismic load effects, shall not exceed 15 percent of the available axial strength, including slenderness
effects.

Foundation and other elements used to provide overturning resistance at the base of cantilever column
elements shall be designed to resist the seismic load effects including overstrength factor of Section 24.5.3.

24.3.5.3 Inverted Pendulum-Type Structures

Regardless of the structural system selected, inverted pendulums as defined in Section 11.2, shall comply
with this section. Supporting columns or piers of inverted pendulum-type structures shall be designed for
the bending moment calculated at the base determined using the procedures given in Section 24.9 and
varying uniformly to a moment at the top equal to one-half the calculated bending moment at the base.

24.35.4 Shear Wall-Frame Interactive Systems

The shear strength of the shear walls of the shear wall-frame interactive system shall be at least 75 percent
of the design story shear at each story. The frames of the shear wall-frame interactive system shall be
capable of resisting at least 25 percent of the design story shear in every story.

24.4 DIAPHRAGM FLEXIBILITY AND CONFIGURATION IRREGULARITIES

2441 Diaphragm Flexibility

The structural analysis shall consider the relative stiffnesses of diaphragms and the vertical elements of the
seismic force-resisting system. Unless a diaphragm can be idealized as either flexible or rigid in accordance
with Sections 24.4.1.1, 24.4.1.2, or 24.4.1.3, the structural analysis shall explicitly include consideration of
the stiffness of the diaphragm (i.e., semi-rigid modeling assumption).

24411 Flexible Diaphragm Condition

Diaphragms constructed of untopped steel decking or wood structural panels are permitted to be idealized
as flexible if any of the following conditions exist:

1. In structures where the vertical elements are steel braced frames, steel and concrete composite
braced frames or concrete, masonry, steel, or steel and concrete composite shear walls.

2. Inone- and two-family dwellings.

3. Instructures of light-frame construction where all of the following conditions are met:
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a. Topping of concrete or similar materials is not placed over wood structural panel
diaphragms except for nonstructural topping no greater than 1 1/2 in. (38 mm) thick.

b. Each line of vertical elements of the seismic force-resisting system complies with the
allowable story drift of Table 24.13-1.

24.41.2 Rigid Diaphragm Condition

Diaphragms of concrete slabs or concrete filled metal deck with span-to-depth ratios of 3 or less in
structures that have no horizontal irregularities are permitted to be idealized as rigid.

24.41.3 Calculated Flexible Diaphragm Condition

Diaphragms not satisfying the conditions of Sections 24.4.1.1 or 24.4.1.2 are permitted to be idealized as
flexible where the computed maximum in-plane deflection of the diaphragm under lateral load is more than
two times the average story drift of adjoining vertical elements of the seismic force-resisting system of the
associated story under equivalent tributary lateral load as shown in Fig. 24.4-1. The loadings used for this
calculation shall be those prescribed by Section 24.9.

24.4.2 Irregular and Regular Classification

Structures shall be classified as having a structural irregularity based upon the criteria in this section. Such
classification shall be based on their structural configurations.

24.4.2.1 Horizontal Irregularity

Structures having one or more of the irregularity types listed in Table 24.4-1 shall be designated as having
a horizontal structural irregularity. Such structures shall comply with the requirements in the sections
referenced in that table.

24.4.2.2 Vertical Irregularity

Structures having one or more of the irregularity types listed in Table 24.4-2 shall be designated as having
a vertical structural irregularity. Such structures shall comply with the requirements in the sections
referenced in that table.

24.4.3 Limitations and Additional Requirements for Systems with Structural Irregularities

24.4.3.1 Extreme Weak Stories

Structures with a vertical irregularity Type 5b as defined in Table 24.4-2, shall not be over two stories or
30 ft. (9 m) in structural height, hn.

EXCEPTION: The limit does not apply where the “weak” story is capable of resisting a total seismic
force equal to Qo times the design force prescribed in Section 24.9.

24.4.3.2 Elements Supporting Discontinuous Walls or Frames

Columns, beams, trusses, or slabs supporting discontinuous walls or frames of structures having horizontal
irregularity Type 4 of Table 24.4-1 or vertical irregularity Type 4 of Table 24.4-2 shall be designed to resist
the seismic load effects including overstrength factor of Section 24.5.3. The connections of such
discontinuous elements to the supporting members shall be adequate to transmit the forces for which the
discontinuous elements were required to be designed.
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24.5 SEISMIC LOAD EFFECTS AND COMBINATIONS
2451 Applicability

All members of the structure, including those not part of the seismic force-resisting system, shall be
designed using the seismic load effects of Section 24.5 unless otherwise exempted by this chapter. Seismic
load effects are the axial, shear, and flexural member forces resulting from application of horizontal and
vertical seismic forces as set forth in Section 24.5.2. Where specifically required, seismic load effects shall
be modified to account for overstrength, as set forth in Section 24.5.3.

245.2 Seismic Load Effect

The seismic load effect, E, shall be determined, based only on horizontal seismic forces, in accordance with
Eq. 24.5-1 as follows:

E=Q: (24.5-1)
where
E = seismic load effect
Qe = effects of horizontal seismic forces from V or Fp
245.2.1 Seismic Load Combinations

Where the prescribed seismic load effect, E, defined in Section 24.5.2 is combined with the effects of other
loads as set forth in Chapter 2, the following seismic load combinations for structures not subject to flood
or atmospheric ice loads shall be used in lieu of the seismic load combinations in either Section 2.3.2 or
24.1:

Basic Combinations for Strength Design (see Sections 2.3.2 and 2.2 for notation).

1. 12D+Qe+L+0.2S
2. 09D+ Qe+ 1.6H

NOTES:

1. The load factor on L in combination 5 is permitted to equal 0.5 for all occupancies in which L, in
Table 4-1 is less than or equal to 100 psf (4.79 kN/m?), with the exception of garages or areas
occupied as places of public assembly.

2. The load factor on H shall be set equal to zero in combination 7 if the structural action due to H
counteracts that due to E. Where lateral earth pressure provides resistance to structural actions
from other forces, it shall not be included in H but shall be included in the design resistance.

Basic Combinations for Allowable Stress Design (see Sections 2.4.1 and 2.2 for notation).

3. 1.0D+H+F+0.7Qe
4. 1.0D+H +F +0.525Q¢ + 0.75L + 0.75(L, or S or R)
5. 0.6D +0.7Q¢ + H

2453 Seismic Load Effect Including Overstrength Factor

Where specifically required, conditions requiring overstrength factor applications shall be determined based
only on horizontal seismic forces in accordance with the following:

Em = Qo QE (24.5-2)
where

Em = seismic load effect including overstrength factor
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Qe = effects of horizontal seismic forces from V, Fy, or Fp as specified in Sections 24.9.1, 24.11,
or 24.15.3.1
Qo = overstrength factor
24531 Load Combinations with Overstrength Factor

Where the seismic load effect with overstrength factor, En, defined in Section 24.5.3, is combined with the
effects of other loads as set forth in Chapter 2, the following seismic load combination for structures not
subject to flood or atmospheric ice loads shall be used in lieu of the seismic load combinations in either
Section 2.3.2 or 2.4.1:

Basic Combinations for Strength Design with Overstrength Factor (see Sections 2.3.2 and 2.2 for
notation).

1. 12D+ Qe +L +0.25
2. 0.9D + Qo QE +1.6H
NOTES:

1. The load factor on L in combination 5 is permitted to equal 0.5 for all occupancies in which L, in
Table 4-1 is less than or equal to 100 psf (4.79 kN/m?), with the exception of garages or areas
occupied as places of public assembly.

2. The load factor on H shall be set equal to zero in combination 7 if the structural action due to H
counteracts that due to E. Where lateral earth pressure provides resistance to structural actions
from other forces, it shall not be included in H but shall be included in the design resistance.

Basic Combinations for Allowable Stress Design with Overstrength Factor (see Sections 2.4.1 and
2.2 for notation).

3. 10D+H+F+0.7Q0 Qe
4. 1.0D+H+F+0.525 Q¢ Qe + 0.75L + 0.75(L, or S or R)
5. 06D+0.7QQe+H

245.3.2 Allowable Stress Increase for Load Combinations with Overstrength

Where allowable stress design methodologies are used with the seismic load effect defined in Section 24.5.3
applied in load combinations 5, 6, or 8 of Section 2.4.1, allowable stresses are permitted to be determined
using an allowable stress increase of 1.2. This increase shall not be combined with increases in allowable
stresses or load combination reductions otherwise permitted by this standard or the material reference
document except for increases due to adjustment factors in accordance with AF&PA NDS.

24.6 DIRECTION OF LOADING

The directions of application of seismic forces used in the design shall be those which will produce the
most critical load effects. To satisfy this requirement, the design seismic forces are permitted to be applied
independently in each of two orthogonal directions and orthogonal interaction effects are permitted to be
neglected.

24.7 ANALYSIS PROCEDURE SELECTION

The structural analysis required by this chapter shall consist of either the Equivalent Lateral Force Analysis
procedure (Section 24.9) or the Modal Response Spectrum Analysis procedure (Section 24.10).
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24.8 MODELING CRITERIA
2481 Foundation Modeling

For purposes of determining seismic loads, it is permitted to consider the structure to be fixed at the base.
Alternatively, where foundation flexibility is considered, it shall be in accordance with Section 24.14.3.

24.8.2 Effective Seismic Weight

The effective seismic weight, W, of a structure shall include the dead load, as defined in Section 3.1, above
the base and other loads above the base as listed below:

1. Inareas used for storage, a minimum of 25 percent of the floor live load shall be included.
EXCEPTIONS:

a. Where the inclusion of storage loads adds no more than 5% to the effective seismic weight
at that level, it need not be included in the effective seismic weight.
b. Floor live load in public garages and open parking structures need not be included.

2. Where provision for partitions is required by Section 4.2.2 in the floor load design, the actual

partition weight or a minimum weight of 10 psf (0.48 kN/m?) of floor area, whichever is greater.

Total operating weight of permanent equipment.

4. Where the flat roof snow load, Ps, exceeds 30 psf (1.44 kN/m?), 20 percent of the uniform design
snow load, regardless of actual roof slope.

5. Weight of landscaping and other materials at roof gardens and similar areas.

w

24.8.3 Structural Modeling

A mathematical model of the structure shall be constructed for the purpose of determining member forces
and structure displacements resulting from applied loads and any imposed displacements or P-delta effects.
The model shall include the stiffness and strength of elements that are significant to the distribution of
forces and deformations in the structure and represent the spatial distribution of mass and stiffness
throughout the structure.

In addition, the model shall comply with the following:

a. Stiffness properties of concrete and masonry elements shall consider the effects of cracked
sections.

b. For steel moment frame systems, the contribution of panel zone deformations to overall
story drift shall be included.

Structures that have horizontal structural irregularity Type la, 1b, 4, or 5 of Table 24.4-1 shall be
analyzed using a 3-D representation. Where a 3-D model is used, a minimum of three dynamic degrees of
freedom consisting of translation in two orthogonal plan directions and rotation about the vertical axis shall
be included at each level of the structure. Where the diaphragms have not been classified as rigid or flexible
in accordance with Section 24.4.1, the model shall include representation of the diaphragm’s stiffness
characteristics and such additional dynamic degrees of freedom as are required to account for the
participation of the diaphragm in the structure’s dynamic response.

EXCEPTION: Analysis using a 3-D representation is not required for structures with flexible
diaphragms that have Type 4 horizontal structural irregularities.

248.4 Interaction Effects

Moment-resisting frames that are enclosed or adjoined by elements that are more rigid and not considered
to be part of the seismic force-resisting system shall be designed so that the action or failure of those
elements will not impair the vertical load and seismic force-resisting capability of the frame. The design
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shall provide for the effect of these rigid elements on the structural system at structural deformations
corresponding to the design story drift (A) as determined in Section 24.9.6. In addition, the effects of these
elements shall be considered where determining whether a structure has one or more of the irregularities
defined in Section 24.4.2.

249 EQUIVALENT LATERAL FORCE PROCEDURE
249.1 Seismic Base Shear

The seismic base shear, V, in a given direction shall be determined in accordance with the following
equation:

V=CW (24.9-1)
where
Cs = the seismic response coefficient determined in accordance with this section
W = the effective seismic weight per Section 24.8.2
The seismic response coefficient, Cs, shall be determined in accordance with Eq. 24.9-2
Cs=Sps/ (R/le) (24.9-2)
where
Sps = the design spectral response acceleration parameter in the short period range as determined

from Section 11.4.4 or 11.4.7
the response modification factor in Table 24.3-1
the importance factor determined in accordance with Table 1.5-2 Section 11.5.1

R
le

The value of Cs computed in accordance with Eq. 24.9-2 need not exceed the following:
Cs=Sp1/ T(R/Ie) (24.9-3)

Cs shall not be less than
Cs=0.044Spsle > 0.01 (24.9-4)
where | and R are as defined in Section 24.9.1 and

Sp1 = the design spectral response acceleration parameter at a period of 1.0 s, as determined from
Section 11.4.4 or 11.4.7
T = the fundamental period of the structure(s) determined in Section 24.9.2

S; = the mapped maximum considered earthquake spectral response acceleration parameter
determined in accordance with Section 11.4.1 or 11.4.7

249.2 Period Determination

The fundamental period of the structure, T, in the direction under consideration shall be established using
the structural properties and deformational characteristics of the resisting elements in a properly
substantiated analysis. The fundamental period, T, shall not exceed 1.6T,, where Ta. is determined in
accordance with Section 24.9.2.1. As an alternative to performing an analysis to determine the fundamental
period, T, it is permitted to use the approximate building period, Ta, calculated in accordance with Section
24.9.2.1, directly.

24.9.2.1 Approximate Fundamental Period
The approximate fundamental period (T.), in s, shall be determined from the following equation:
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Ta = Cihy* (24.9-5)

where h, is the structural height as defined in Section 11.2 and the coefficients C; and x are determined from
Table 24.9-1.

24.9.3 Vertical Distribution of Seismic Forces

The lateral seismic force (F) (kip or kN) induced at any level shall be determined from the following
equations:

Fx=CuwV (24.9-6)
and
> wh
i=1 (24.9-7)
where
Cw = vertical distribution factor
V = total design lateral force or shear at the base of the structure (kip or kN)
wi and wy = the portion of the total effective seismic weight of the structure (W) located or assigned to
Level i or x
hi and hy = the height (ft. or m) from the base to Level i or x

k = an exponent related to the structure period as follows:
for structures having a period of 0.5 s or less, k=1

for structures having a period of 2.5 s or more, k = 2

for structures having a period between 0.5 and 2.5 s, k shall be 2 or shall be determined by linear
interpolation between 1 and 2

24.9.4 Horizontal Distribution of Forces

The seismic design story shear in any story (V) (kip or kKN) shall be determined from the following equation:
n
Vx = Z I:i
i=x

where F; = the portion of the seismic base shear (V) (kip or kN) induced at Level i.

(24.9-8)

The seismic design story shear (Vy) (kip or kN) shall be distributed to the various vertical elements of
the seismic force-resisting system in the story under consideration based on the relative lateral stiffness of
the vertical resisting elements and the diaphragm.

249.4.1 Inherent Torsion

For diaphragms that are not flexible, the distribution of lateral forces at each level shall consider the effect
of the inherent torsional moment, M, resulting from eccentricity between the locations of the center of mass
and the center of rigidity. For flexible diaphragms, the distribution of forces to the vertical elements shall
account for the position and distribution of the masses supported.
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249.4.2 Accidental Torsion

Where diaphragms are not flexible, the design shall include the inherent torsional moment (M) resulting
from the location of the structure masses plus the accidental torsional moments (M) caused by assumed
displacement of the center of mass each way from its actual location by a distance equal to 5 percent of the
dimension of the structure perpendicular to the direction of the applied forces. The accidental torsional
moment shall also be included in the determination of possible horizontal structural irregularities in Table
24.4-1.

EXCEPTION: The accidental torsional moments (M) need not be included in design of buildings
that do not have a Type 1b horizontal structural irregularity.

2495 Overturning

The structure shall be designed to resist overturning effects caused by the seismic forces determined in
Section 24.12.3.

24.9.6 Story Drift Determination

The design story drift (A) shall be computed as the difference of the deflections at the centers of mass at the
top and bottom of the story under consideration. See Fig. 24.9-1. Where centers of mass do not align
vertically, it is permitted to compute the deflection at the bottom of the story based on the vertical projection
of the center of mass at the top of the story. Where allowable stress design is used, A shall be computed
using the strength level seismic forces specified in Section 24.9 without reduction for allowable stress
design.

The deflection at Level x (6x) (in. or mm) used to compute the design story drift, A, shall be determined
in accordance with the following equation:

8 — Cd 6xe
X
l. (24.9-9)

where

Cq = the deflection amplification factor in Table 24.3-1

dxe = the deflection at the location required by this section determined by an elastic analysis

le = the importance factor determined in accordance with Section 11.5.1

24.9.6.1 Minimum Base Shear for Computing Drift

The elastic analysis of the seismic force-resisting system for computing drift shall be made using the
prescribed seismic design forces of Section 24.9.

EXCEPTION: Eq. 24.9-4 need not be considered for computing drift.

24.9.6.2 Period for Computing Drift

For determining compliance with the story drift limits of Section 24.13.1, it is permitted to determine the
elastic drifts, (Sxe), using seismic design forces based on the computed fundamental period of the structure
without the upper limit (C,T,) specified in Section 24.9.2.

249.7 P-Delta Effects

P-delta effects on story shears and moments, the resulting member forces and moments, and the story drifts
induced by these effects are not required to be considered where the stability coefficient (0) as determined
by the following equation is equal to or less than 0.10:
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o= _PxAle
Vx hsx Cq (24.9-10)
where
Px = the total vertical design load at and above Level x (kip or kN); where computing Py, no
individual load factor need exceed 1.0

A = the design story drift as defined in Section 24.9.6 occurring simultaneously with Vy (in. or
mm)

le = the importance factor determined in accordance with Section 11.5.1
Vy = the seismic shear force acting between Levels x and x — 1 (kip or kN)
hs = the story height below Level x (in. or mm)

Cq = the deflection amplification factor in Table 24.3-1

The stability coefficient (0) shall not exceed Omax determined as follows:

=£S 0.25
C

d (24.9-11)

where f is the ratio of shear demand to shear capacity for the story between Levels x and x — 1. This ratio
is permitted to be conservatively taken as 1.0.

7

max

Where the stability coefficient (0) is greater than 0.10 but less than or equal to 6 max, the incremental
factor related to P-delta effects on displacements and member forces shall be determined by rational
analysis. Alternatively, it is permitted to multiply displacements and member forces by 1.0/(1 - 6).

Where 6 is greater than 6 max, the structure is potentially unstable and shall be redesigned.

Where the P-delta effect is included in an automated analysis, Eq. 24.9-11 shall still be satisfied,
however, the value of 6 computed from Eq. 24.9-10 using the results of the P-delta analysis is permitted to
be divided by (1 + 6) before checking Eq. 24.9-11.

24.10 MODAL RESPONSE SPECTRUM ANALYSIS
24.10.1 Number of Modes

An analysis shall be conducted to determine the natural modes of vibration for the structure. The analysis
shall include a sufficient number of modes to obtain a combined modal mass participation of at least 90
percent of the actual mass in each of the orthogonal horizontal directions of response considered by the
model.

24.10.2 Modal Response Parameters

The value for each force-related design parameter of interest, including story drifts, support forces, and
individual member forces for each mode of response shall be computed using the properties of each mode
and the response spectra defined in either Section 11.4.5 or 21.2 divided by the quantity R/l.. The value for
displacement and drift quantities shall be multiplied by the quantity Cqd/Ie.

24.10.3 Combined Response Parameters

The value for each parameter of interest calculated for the various modes shall be combined using the square
root of the sum of the squares (SRSS) method, the complete quadratic combination (CQC) method, the
complete quadratic combination method as modified by ASCE 4 (CQC-4), or an approved equivalent
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approach. The CQC or the CQC-4 method shall be used for each of the modal values where closely spaced
modes have significant cross-correlation of translational and torsional response.

24.10.4  Scaling Design Values of Combined Response

A base shear (V) shall be calculated in each of the two orthogonal horizontal directions using the calculated
fundamental period of the structure T in each direction and the procedures of Section 24.9.

24.10.4.1 Scaling of Forces

Where the calculated fundamental period exceeds 1.6Ta in a given direction, 1.6Ta shall be used in lieu of
T in that direction. Where the combined response for the modal base shear (V:) is less than 85 percent of

the calculated base shear (V) using the equivalent lateral force procedure, the forces shall be multiplied by
Vv

0.85Y:

where
V = the equivalent lateral force procedure base shear, calculated in accordance with this section
and Section 24.9
Vi = the base shear from the required modal combination

24.10.5 Horizontal Shear Distribution

The distribution of horizontal shear shall be in accordance with Section 24.9.4.

24.10.6 P-Delta Effects
The P-delta effects shall be determined in accordance with Section 24.9.7. The base shear used to determine
the story shears and the story drifts shall be determined in accordance with Section 24.9.6.

24.11 DIAPHRAGMS, CHORDS, AND COLLECTORS

24.11.1  Diaphragm Design

Diaphragms shall be designed for both the shear and bending stresses resulting from design forces. At
diaphragm discontinuities, such as openings and reentrant corners, the design shall assure that the
dissipation or transfer of edge (chord) forces combined with other forces in the diaphragm is within shear
and tension capacity of the diaphragm.

241111 Diaphragm Design Forces

Floor and roof diaphragms shall be designed to resist design seismic forces from the structural analysis, but
shall not be less than that determined in accordance with Eq. 24.11-1 as follows:

>R

FPX n WPX
2 W
i=x (24.11-1)
where
Fpx = the diaphragm design force
Fi = the design force applied to Level i
w; = the weight tributary to Level i
Wpx = the weight tributary to the diaphragm at Level x
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The force determined from Eq. 24.11-1 shall not be less than

Fpx = 0.2SpsleWpx (2411-2)
The force determined from Eq. 24.11-1 need not exceed
Fox = 0.4SpsleWpx (24.11-3)

Where the diaphragm is required to transfer design seismic force from the vertical resisting elements
above the diaphragm to other vertical resisting elements below the diaphragm due to offsets in the
placement of the elements or to changes in relative lateral stiffness in the vertical elements, these forces
shall be added to those determined from Eq. 24.11-1.

24.11.2  Collector Elements
Collector elements shall be provided that are capable of transferring the seismic forces originating in other
portions of the structure to the element providing the resistance to those forces.

24.12 STRUCTURAL WALLS AND THEIR ANCHORAGE

24.12.1  Design for Out-of-Plane Forces

Structural walls and their anchorage shall be designed for a force normal to the surface equal to F, = 0.4Spsle
times the weight of the structural wall with a minimum force of 10 percent of the weight of the structural
wall. Interconnection of structural wall elements and connections to supporting framing systems shall have
sufficient ductility, rotational capacity, or sufficient strength to resist shrinkage, thermal changes, and
differential foundation settlement when combined with seismic forces.

24.12.2  Anchorage of Structural Walls

The anchorage of structural walls to supporting construction shall provide a direct connection capable of
resisting the following force:

Fp = 0.2KaleW, (24.12-1)
ka=1.0+L¢100 (24.12-2)
ka need not be taken larger than 2.0.
where
Fp = the design force in the individual anchors
le = the importance factor determined in accordance with Section 11.5.1
ka = amplification factor for diaphragm flexibility
Li = the span, in feet, of a flexible diaphragm that provides the lateral support for the wall; the
span is measured between vertical elements that provide lateral support to the diaphragm in
the direction considered; use zero for rigid diaphragms
W, = the weight of the wall tributary to the anchor

Where the anchorage is not located at the roof and all diaphragms are not flexible, the value from Eqg.
24.12-1 is permitted to be multiplied by the factor (1 + 2z/h)/3, where z is the height of the anchor above
the base of the structure and h is the height of the roof above the base.

Structural walls shall be designed to resist bending between anchors where the anchor spacing exceeds
4 ft. (1,219 mm).
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24.13 DRIFT AND DEFORMATION

24131  Story Drift Limit

The design story drift (A) as determined in Sections 24.9.6 or 24.10.2, shall not exceed the allowable story
drift (A ») as obtained from Table 24.13-1 for any story.

24.13.2  Diaphragm Deflection

The deflection in the plane of the diaphragm, as determined by engineering analysis, shall not exceed the
permissible deflection of the attached elements. Permissible deflection shall be that deflection that will
permit the attached element to maintain its structural integrity under the individual loading and continue to
support the prescribed loads.

24.13.3  Structural Separation

All portions of the structure shall be designed and constructed to act as an integral unit in resisting seismic
forces unless separated structurally by a distance sufficient to avoid damaging contact as set forth in this
section.

Separations shall allow for the maximum inelastic response displacement (dw). dm shall be determined
at critical locations with consideration for translational and torsional displacements of the structure using
the following equation:

8y = S40max (24.13-1)

where dmax = maximum elastic displacement at the critical location.

Adjacent structures on the same property shall be separated by at least §wr, determined as follows:

Oy = \/ (Sya)” + (B )? (24.13-2)

where dm1 and dm2 are the maximum inelastic response displacements of the adjacent structures at their
adjacent edges.

Where a structure adjoins a property line not common to a public way, the structure shall be set back
from the property line by at least the displacement &w of that structure.

EXCEPTION: Smaller separations or property line setbacks are permitted where justified by rational
analysis based on inelastic response to design ground motions.

24.13.4 Members Spanning between Structures

Gravity connections or supports for members spanning between structures or seismically separate portions
of structures shall be designed for the maximum anticipated relative displacements. These displacements
shall be calculated:

1. Using the deflection calculated at the locations of support, per Eq. 24.9-9 multiplied by 1.5R/Cq,
and

2. Considering additional deflection due to diaphragm rotation, and

3. Considering diaphragm deformations, and

4. Assuming the two structures are moving in opposite directions and using the absolute sum of the
displacements.
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24.14 FOUNDATION DESIGN
24141  Design Basis

The design basis for foundations shall be as set forth in Section 24.2.5.

24.14.2 Materials of Construction

Materials used for the design and construction of foundations shall comply with the requirements of Chapter
14. Design and detailing of steel piles shall comply with Section 14.1.7 Design and detailing of concrete
piles shall comply with Section 14.2.3.

24.14.3 Foundation Load-Deformation Characteristics

Where foundation flexibility is included for the linear analysis procedures in this chapter, the load-
deformation characteristics of the foundation—soil system (foundation stiffness) shall be modeled in
accordance with the requirements of this section. The linear load-deformation behavior of foundations shall
be represented by an equivalent linear stiffness using soil properties that are compatible with the soil strain
levels associated with the design earthquake motion. The strain-compatible shear modulus, G, and the
associated strain-compatible shear wave velocity, vs, needed for the evaluation of equivalent linear stiffness
shall be determined using the criteria in Section 19.2.1.1 or based on a site-specific study. A 50 percent
increase and decrease in stiffness shall be incorporated in dynamic analyses unless smaller variations can
be justified based on field measurements of dynamic soil properties or direct measurements of dynamic
foundation stiffness. The largest values of response shall be used in design.

24.14.4  Reduction of Foundation Overturning

Overturning effects at the soil-foundation interface are permitted to be reduced by 25 percent for
foundations of structures that satisfy both of the following conditions:

a. The structure is designed in accordance with the Equivalent Lateral Force Analysis as set
forth in Section 24.9.
b. The structure is not an inverted pendulum or cantilevered column type structure.

Overturning effects at the soil-foundation interface are permitted to be reduced by 10 percent for
foundations of structures designed in accordance with the modal analysis requirements of Section 24.10.

24.15 SEISMIC DESIGN REQUIREMENTS FOR EGRESS STAIRWAYS AND PARAPETS

24.15.1  Scope

This section establishes minimum design criteria for parapets and egress stairways and their supports and
attachments in Seismic Design Category B. All other nonstructural components and their supports and
attachments are exempt from the requirements of Section 24.15.

24.15.2  General Designh Requirements

24.15.2.1 Submittal Requirements

Evidence demonstrating compliance with the requirements of this section shall be submitted for approval
to the authority having jurisdiction after review and acceptance by a registered design professional.
Parapets and egress stairways may also be seismically qualified by analysis, testing, or experience data in
accordance with Section 13.2.1.

170



Part 1, Provisions

24.15.2.2 Construction Documents

The design of parapets and egress stairways, and their supports and attachments, shall be shown in
construction documents prepared by a registered design professional for use by the owner, authorities
having jurisdiction, contractors, and inspectors.

24153  Seismic Design Force

Parapets and egress stairways, and their supports and attachments, shall be designed for the seismic forces
defined in this section. Where non-seismic loads on nonstructural components exceed F,, such loads shall
govern the strength design, but the limitations prescribed in this chapter shall apply.

The horizontal seismic design force (F,) shall be applied at the component’s center of gravity and
distributed relative to the component’s mass distribution and shall be determined in accordance with Eqg.

24.15-1:
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and F; shall not be taken as less than
Fp = 0.3SpslpWp (24.15-2)

where

Fp = horizontal seismic design force applied to the parapet or egress stairway
Sps = spectral acceleration, short period, as determined from Section 11.4.4

a, = component amplification factor. a, shall be taken as 2.5 for parapets that are unbraced or
braced to the structural frame below the center of mass, 1.0 for parapets braced above the
center of mass, and 1.0 for egress stairways

I, = component importance factor. |, shall be taken as 1.0 for parapets and 1.5 for egress
stairways

W, = weight of the parapet or egress stairway
R, = component response modification factor. R, shall be taken as 2.5

z = height in structure of point of attachment of parapet or egress stairway with respect to the
base of the structure. For items at or below the base, z shall be taken as 0. The value of z/h
need not exceed 1.0

h = average roof height of structure with respect to the base of the structure

The force (Fp) shall be applied independently in at least two orthogonal horizontal directions in
combination with service loads associated with the component, as appropriate. For vertically cantilevered
systems, however, the force F, shall be assumed to act in any horizontal direction. The overstrength factor,

Q o, does not apply.

24.15.4  Design of Egress Stairways for Seismic Relative Displacements

Egress stairways, and their supports and attachments, shall be designed to accommodate the seismic relative
displacement requirements of this section. Egress stairways shall be desighed considering vertical
deflection due to joint rotation of cantilever structural members.
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The effects of seismic relative displacements shall be considered in combination with displacements
caused by other loads as appropriate. Seismic relative displacements, Dy, shall be determined in accordance
with Eq. 24.15-3 as:

Dpi = Dple (24.15-3)
where
le = the importance factor in Section 11.5.1
D, = displacement determined in accordance with the equations set forth in Sections 24.15.4.1 and
24.15.4.2
24.15.4.1 Displacements within Structures

For two connection points on the same Structure A or the same structural system, one at a height hy and the
other at a height hy, D, shall be determined as

Dp = S¢a — Sya (24.15-4)

Alternatively, D, is permitted to be determined using modal procedures described in Section 24.10,
using the difference in story deflections calculated for each mode and then combined using appropriate
modal combination procedures. Dy is not required to be taken as greater than

Dp _ (hx _hhy)AaA
s (24.15-5)
24.15.4.2 Displacements between Structures

For two connection points on separate Structures A and B or separate structural systems, one at a height h
and the other at a height hy, D, shall be determined as

Dy = [0xa| + |88l (24.15-6)
Dy is not required to be taken as greater than
thaA hyAaB
T h Thy
Sx 5x (24.15-7)

where

D, = relative seismic displacement that the component must be designed to accommodate
oxa = deflection at building Level x of Structure A, determined in accordance with Eqg. (24.9-9)
dya = deflection at building Level y of Structure A, determined in accordance with Eq. (24.9-9)
dyg = deflection at building Level y of Structure B, determined in accordance with Eq. (24.9-9)
h« = height of Level x to which upper connection point is attached
hy = height of Level y to which lower connection point is attached
Aan = allowable story drift for Structure A as defined in Table 24.13-1
Ase = allowable story drift for Structure B as defined in Table 24.13-1
hs = story height used in the definition of the allowable drift A, in Table 24.13-1. Note that
Aalhsy = the drift index

The effects of seismic relative displacements shall be considered in combination with displacements
caused by other loads as appropriate.
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24,155 Out-of-Plane Bending

Transverse or out-of-plane bending or deformation of a parapet or egress stairway subjected to forces as
determined in Section 24.15.3, or displacements as determined in Section 24.15.4, shall not exceed the
deflection capability of the parapet or egress stairway.

24.15.6  Anchorage

Parapet and egress stairways, and their supports, shall be attached (or anchored) to the structure in
accordance with the requirements of this section and the attachment shall satisfy the requirements for the
parent material as set forth elsewhere in this standard.

Parapets and egress stairways, and their supports, shall be bolted, welded, or otherwise positively
fastened without consideration of frictional resistance produced by the effects of gravity. A continuous load
path of sufficient strength and stiffness shall be provided between the parapet or egress stairway and the
supporting structure. Local elements of the structure including connections shall be designed and
constructed for the forces in the attachment where they control the design of the elements or their
connections. The design documents shall include sufficient information relating to the attachments to verify
compliance with the requirements of this section.

24.15.6.1 Design Force in the Attachment

The force in the attachment shall be determined based on the prescribed forces and displacements for the
parapet or egress stairway as determined in Sections 24.15.3 and 24.15.4.

24.15.6.2 Anchors in Concrete or Masonry

Anchors in concrete shall be designed in accordance with Appendix D of ACI 318.

Anchors in masonry shall be designed in accordance with TMS 402/ACI 503/ASCE 5. Anchors shall
be designed to be governed by the tensile or shear strength of a ductile steel element.

EXCEPTION: Anchors in masonry shall be permitted to be designed so that the support that the anchor
is connecting to the structure undergoes ductile yielding at a load level corresponding to anchor forces not
greater than their design strength, or the minimum design strength of the anchors shall be at least 2.5 times
the factored forces transmitted by the parapet or egress stairway.

Post-installed anchors in concrete shall be prequalified for seismic applications in accordance with ACI
355.2, ACI 355.4 or other approved qualification procedures. Post-installed anchors in masonry shall be
prequalified for seismic applications in accordance with approved qualification procedures.

24.15.6.3 Installation Conditions

Determination of forces in attachments shall take into account the expected conditions of installation
including eccentricities and prying effects.

24.15.6.4 Multiple Attachments

Determination of force distribution of multiple attachments at one location shall take into account the
stiffness and ductility of the component, component supports, attachments, and structure and the ability to
redistribute loads to other attachments in the group. Designs of anchorage in concrete in accordance with
Appendix D of ACI 318 shall be considered to satisfy this requirement.

24.15.6.5 Power Actuated Fasteners

Power actuated fasteners in concrete or steel shall not be used for sustained tension loads. Power actuated
fasteners in masonry are not permitted unless approved for seismic loading.
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EXCEPTION 1: Power actuated fasteners in concrete used for support of acoustical tile or lay-in panel
suspended ceiling applications and distributed systems where the service load on any individual fastener
does not exceed 90 Ib (400 N). Power actuated fasteners in steel where the service load on any individual
fastener does not exceed 250 Ib (1,112 N).

EXCEPTION 2: Power actuated fasteners in steel where the service load on any individual fastener
does not exceed 250 Ib (1,112 N).
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FIGURES AND TABLES
Table 24.3-1 Design Coefficients and Factors for Seismic Force-Resisting Systems

ASCE 7 Section

A Response Deflection
System Seismic Force-Resisting System V\éhere_ll’)itjalllltng Modification O';/ertstrezlgtrh Amplification
A?’(;uslpeeci?ie ds Coefficient, R? | actor: (o Factor, C4?
Bearing Wall 2. Ordinary reinforced concrete shear walls® 14.2 4 2% 4
Bearing Wall 5. Intermediate precast shear walls® 14.2 4 2Y% 4
Bearing Wall 6. Ordinary precast shear walls® 14.2 3 2% 3
Bearing Wall 8. Intermediate reinforced masonry shear walls 14.4 3% 2% 2V
Bearing Wall 9. Ordinary reinforced masonry shear walls 14.4 2 2% 1%
Bearing Wall 13. Ordinary reinforced AAC masonry shear walls 14.4 2 2% 2
Bearing Wall 14. Ordinary plain AAC masonry shear walls 14.4 1Y% 2% 1%
. 15. Light-frame (wood) walls sheathed with wood structural "
Bearing Wall panels rated for shear resistance 14.1and 14.5 6% 3 4
Bearing Wall 16. Light-frame (cold-formed steel) Wa]ls sheathed with wood 141 6% 3 4
structural panels rated for shear resistance or steel sheets
Bearing Wall 17. Light-frame walls with shear panels of all other materials 14.1and 145 2 2% 2
Bearing Wall 18. It;:ggitr;;rame (cold-formed steel) wall systems using flat strap 141 4 2 3
Building Frame 3. Steel ordinary concentrically braced frames 14.1 3 2 3Ya
Building Frame 5. Ordinary reinforced concrete shear walls® 14.2 5 2% 4%
Building Frame 8. Intermediate precast shear walls® 14.2 5 2% 4%
Building Frame 9. Ordinary precast shear walls® 14.2 4 2Y% 4
Building Frame 17. Intermediate reinforced masonry shear walls 14.4 4 2% 4
Building Frame 18. Ordinary reinforced masonry shear walls 14.4 2 2% 2
Building Frame 22. Light-frame (wood) Wall§ sheathed with wood structural 145 7 o1 v
panels rated for shear resistance
- 23. Light-frame (cold-formed steel) walls sheathed with wood . .
Building Frame structural panels rated for shear resistance or steel sheets 141 7 2 4%
Building Frame 24. Light-frame walls with shear panels of all other materials 14.1 and 14.5 2% 2Y% 2Y%
l;/:grrrt:gnt—Remstmg 3. St