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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 goals of FEMA and NEHRP
is to encourage design and building practices that address the earthquake hazard and minimize the
resulting risk of damage and injury. The 2015 edition of the NEHRP Recommended Seismic Provisions
for New Buildings and Other Structures (FEMA P-1050) affirmed FEMA’s ongoing support to improve
the seismic safety of construction in this country. The NEHRP Provisions serves as a key resource for
the seismic requirements in the ASCE/SEI 7 Standard Minimum Design Loads for Buildings and Other
Structures as well as the national model building codes, the International Building Code (IBC),
International Residential Code (IRC) and NFPA 5000 Building Construction Safety Code. FEMA
welcomes the opportunity to provide this material and to work with these codes and standards
organizations.

FEMA P-1051 provides a series of design examples that will assist the users of the 2015 NEHRP
Provisions and the ASCE/SEI 7 standard the Provisions adopted by reference. This product has
included several new chapters to provide examples for nonlinear response history analysis procedures,
horizontal diaphragm analysis, soil structural interaction, and structures with energy dissipation devices.
The eighteen chapters not only illustrate how to apply the new methods and requirements adopted in the
2015 NEHRP Provisions for engineering design, but also cover code conforming updates for the design
examples of different structural materials and non-structural components. This product serves as an
educational and supporting resource for the 2015 NEHRP Provisions. 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.

FEMA wishes to express its gratitude to the authors listed in the acknowledgements for their
significant efforts in preparing this material and to the BSSC Board of Direction and staff who
made this possible. Their hard work has resulted in a resource product that will provide important
assistance to a significant number of users of the 2015 NEHRP Provisions, and the upcoming
new edition of national design standards and model building codes with incorporated changes
based-on the Provisions.

Federal Emergency Management Agency
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earthquake-resistant design.
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Steven Harris, Curt Haselton, John Hooper, Dominic Kelley, Charlie Kircher, Nico Luco, James Malley,
lan McFarlane, Robert Pekelnicky, Gregory Soules, and Andrew Taylor.

¢ Robert Hanson, who provided a review for each chapter.

And finally, the BSSC Board is grateful to FEMA Project Officer Mai Tong for his support and guidance
and to Philip Schneider of the NIBS staff for his efforts in providing project management, assembling the
2015 volume for publication, and issuance as an e-document available for download and on CD-ROM.

Jimmy W. Sealy, FAIA
Chair, BSSC Board of Direction
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1.4 REFERENCES . ..o e e e e, 12

The NEHRP Recommended Provisions: Design Examples are written to illustrate and explain the
applications of the 2015 NEHRP Recommended Seismic Provisions for Buildings and Other
Structures, ASCE 7-16 Minimum Design Loads for Buildings and Other Structures and the
material design standards referenced therein and to provide explanations to help understand
them. Designing structures to be resistant to a major earthquake is complex and daunting to
someone unfamiliar with the philosophy and history of earthquake engineering. The target
audience for the Design Examples is broad. College students learning about earthquake
engineering, engineers studying for their licensing exam, or those who find themselves presented
with the challenge of designing in regions of moderate and high seismicity for the first time
should all find this document’s explanation of earthquake engineering and the Provisions
helpful.

Fortunately, major earthquakes are a rare occurrence, significantly rarer than the other hazards,
such as damaging wind and snow storms that one must typically consider in structural design.
However, past experiences have shown that the destructive power of a major earthquake can be
so great that its effect on the built environment cannot be underestimated. This presents a
challenge since one cannot typically design a practical and economical structure to withstand a
major earthquake elastically in the same manner traditionally done for other hazards.

Since elastic design is not an economically feasible option for most structures where major
earthquakes can occur, there must be a way to design a structure to be damaged but still safe.
Unlike designing for strong winds, where the structural elements that resist lateral forces can be
proportioned to elastically resist the pressures generated by the wind, in an earthquake the lateral
force resisting elements must be proportioned to deform beyond their elastic range in a
controlled manner. In addition to deforming beyond their elastic range, the lateral force resisting
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system must be robust enough to provide sufficient stability so the building is not at risk of
collapse. Furthermore, major falling hazards form architectural, mechanical, electrical, and
plumbing (henceforth referred to as nonstructural) components that could kill or cause serious
injury should be prevented.

While typical structures are designed to be robust enough to have a minimal risk of collapse and
no significant nonstructural falling hazards in major earthquakes, there are other structures
whose function or type of occupants warrants higher performance designs. Structures, like
hospitals, fire stations and emergency operation centers need to be designed to maintain their
function immediately after or returned to function shortly after the earthquake. Structures like
schools and places where large numbers of people assemble have been deemed important enough
to require a greater margin of safety against collapse than typical buildings. Additionally,
earthquake resistant requirements and ruggedness testing are needed for the design and
anchorage of architectural elements and mechanical, electrical and plumbing systems to prevent
loss of system function in essential facilities.

Current building standards, specifically the American Society of Civil Engineers (ASCE) 7
Minimum Design Loads for Buildings and Other Structures and the various material design
standards published by the American Concrete Institute (ACI), the American Institute of Steel
Construction (AISC), the American Iron and Steel Institute (AISI), the American Forest & Paper
Association (AF&PA) and The Masonry Society (TMS) provide a means by which an engineer
can achieve these design targets. These standards represent the most recent developments in
earthquake resistant design. The majority of the information contained in ASCE 7 comes
directly from the NEHRP Recommended Seismic Provisions for New Buildings and Other
Structures. The stated intent of the NEHRP Provisions is to provide reasonable assurance of
seismic performance that will:

1. Avoid serious injury and life loss due to
a. Structural 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.

The Provisions have explicit requirements to provide life safety for buildings and other
structures though the design forces and detailing requirements. The current provisions have
adopted a target risk of collapse of 1% over a 50 year period for a structure designed to the
Provisions. The Provisions provide prevention of loss of function in critical facilities and
reducing repair costs in a more implicit manner though prescriptive requirements.

Having good building codes and design standards is only one action necessary to make a
community’s buildings resilient to a major earthquake. A community also needs engineers who
can carry out designs in accordance with the requirements of the codes and standards and
contractors who can construct the designs in accordance with properly prepared construction
documents. The first item is what the NEHRP Recommended Provisions: Design Examples
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seeks to foster. The second item is typically addressed through quality assurance provisions
found in building codes or recommended by the design professional.

The purpose of this introduction is to offer general guidance for users of the design examples and
to provide an overview. Before introducing the design examples, a brief history of earthquake
engineering is presented. That is followed by a history of the NEHRP Provisions and its role in
setting standards for earthquake resistant design. This is done to give the reader a perspective of
the evolution of the Provisions and some background for understanding the design examples.
Following that is a brief summary of each chapter in the Design Examples.

1.1 EVOLUTION OF EARTHQUAKE ENGINEERING

It is helpful to understand the evolution of the earthquake design standards and the evolution of
the field of earthquake engineering in general. Much of what is contained within the Provisions
and standards reference therein is based on lessons learned from earthquake damage and the
ensuing research.

Prior to 1900 there was little consideration of earthquakes in the design of buildings. Major
earthquakes were experienced in the United States, notably the 1755 Cap Ann Earthquake
around Boston, the 1811 and 1812 New Madrid Earthquakes, the 1868 Hayward California
Earthquake and the 1886 Charleston Earthquake. However, none of these earthquakes led to
substantial changes in the way buildings were constructed.

Many things changed with the Great 1906 San Francisco Earthquake. The earthquake and
ensuing fire destroyed much of San Francisco and was responsible for approximately 3,000
deaths. To date it is the most deadly earthquake the United States has ever experienced. While
there was significant destruction to the built environment, there were some important lessons
learned from those buildings that performed well and did not collapse. Most notable was the
exemplary performance of steel framed buildings which consisted of riveted frames designed to
resist wind forces and brick infill between frame columns, built in the Chicago style.

The recently formed San Francisco Section of the American Society of Civil Engineers (ASCE)
studied the effects of the earthquake in great detail. An observation was that “a building
designed with a proper system of bracing wind pressure at 30 Ibs. per square foot will resist
safely the stresses caused by a shock of the intensity of the recent earthquake.” (ASCE, 1907)
That one statement became the first U.S. guideline on how to provide an earthquake resistant
design.

Earthquakes in Tokyo in 1923 and Santa Barbara in 1925 spurred major research efforts. Those
efforts led to the development of the first seismic recording instruments, shake tables to
investigate earthquake effects on buildings, and committees dedicated to creating code
provisions for earthquake resistant design. Shortly after these earthquakes, the 1927 Uniform
Building Code (UBC) was published (ICBO, 1927). It was the first model building code to
contain provisions for earthquake resistant design, albeit in an appendix. In addition to that, a
committee began working on what would become California’s first state-wide seismic code in
1939.
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Another earthquake struck Southern California in Long Beach in 1933. The most significant
aspect of that earthquake was the damage done to school buildings. Fortunately the earthquake
occurred after school hours, but it did cause concern over the vulnerabilities of these buildings.
That concern led to the Field Act, which set forth standards and regulations for earthquake
resistance of school buildings. This was the first instance of what has become a philosophy
engrained in the earthquake design standards: Requiring higher levels of safety and performance
for certain buildings society deems more important that a typical building. In addition to the
Field Act, the Long Beach earthquake led to a ban on unreinforced masonry construction in
California, which in subsequent years was extended to all areas of moderate and high seismic
risk.

Following the 1933 Long Beach Earthquake there was significant activity both in Northern and
Southern California, with the local Structural Engineers Associations of each region drafting
seismic design provisions for Los Angeles in 1943 and San Francisco in 1948. Development of
these codes was facilitated greatly by observations from the 1940 EI Centro Earthquake.
Additionally, that earthquake was the first major earthquake where the strong ground motion
shaking was recorded with an accelerograph.

A joint committee of the San Francisco Section of ASCE and the Structural Engineers
Association of Northern California (SEAONC) began work on seismic design provisions which
were published in 1951 as ASCE Proceedings-Separate No. 66. Separate 66, as it is commonly
referred to, was a landmark document which set forth earthquake design provisions which
formed the basis of US building codes for the next 40 years. Many concepts and
recommendations put forth in Separate 66, such as the a period dependent design spectrum,
different design forces based on the ductility of a structure and design provisions for architectural
components are still found in today’s standards.

Following Separate 66, the Structural Engineers Association of California (SEAOC) formed a
Seismology committee and in 1959 put forth the first edition of the Recommended Lateral Force
Requirements, commonly referred to as the “The SEAOC Blue Book.” The Blue Book became
the base document for updating and expanding the seismic design provisions of the Uniform
Building Code (UBC), the model code adopted by most western states including California.
SEAOC regularly updated the Blue Book from 1959 until 1999. Updates and new
recommendations in each new edition of the Blue Book were incorporated into each subsequent
edition of the UBC.

The 1964 Anchorage Earthquake and the 1971 San Fernando Earthquake both were significant
events. Both earthquakes exposed significant issues with the way reinforced concrete structures
would behave if not detailed for ductility. There were failures of large concrete buildings which
had been designed to recent standards and those buildings had to be torn down. To most
engineers and the public this was unacceptable performance.

Following the 1971 San Fernando Earthquake, the National Science Foundation gave the
Applied Technology Council (ATC) a grant to develop more advanced earthquake design
provisions. That project engaged over 200 preeminent experts in the field of earthquake
engineering. The landmark report they produced in 1978, ATC 3-06, Tentative Provisions for
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the Development of Seismic Regulations for Buildings (1978), has become the basis for the
current earthquake design standards. The NEHRP Provisions trace back to ATC 3-06, as will be
discussed in more detail in the following section.

There have been additional earthquakes since the 1971 San Fernando Earthquake which have
had significant influence on seismic design. Table 1 provides a summary of major North
American earthquakes and changes to the building codes that resulted from them through the
1997 UBC. Of specific note are the 1985 Mexico City, 1989 Loma Prieta and 1994 Northridge
Earthquakes.

Table 1: Recent North American Earthquakes and Subsequent Code Changes (from
SEOAC, 2009)

Earthquake UBC Enhancement
Edition
1971 San Fernando 1973 Direct positive anchorage of masonry and concrete

walls to diaphragms

1976 Seismic Zone 4, with increased base shear
requirements

Occupancy Importance Factor | for certain buildings
Interconnection of individual column foundations
Special Inspection requirements

1979 Imperial Valley | 1985 Diaphragm continuity ties

1985 Mexico City 1988 Requirements for column supporting discontinuous
walls

Separation of buildings to avoid pounding

Design of steel columns for maximum axial forces
Restrictions for irregular structures

Ductile detailing of perimeter frames

1987 Whittier Narrows | 1991 Revisions to site coefficients

Revisions to spectral shape

Increased wall anchorage forces for flexible
diaphragm buildings

1989 Loma Prieta 1991 Increased restrictions on chevron-braced frames
Limitations on b/t ratios for braced frames

1994 Ductile detailing of piles

1994 Northridge 1997 Restrictions on use of battered piles

Requirements to consider liquefaction

Near-fault zones and corresponding base shear
requirements

Revised base shear equations using 1/T spectral shape
Redundancy requirements

Design of collectors for overstrength

Increase in wall anchorage requirements

More realistic evaluation of design drift

Steel moment connection verification by test
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The 1985 Mexico City Earthquake was extremely devastating. Over 10,000 people were killed
and there was the equivalent of $3 to $4 billion of damage. The most significant aspect of this
earthquake was ground shaking with a much longer period and larger amplitudes than would be
expected from typical earthquakes. While the epicenter was located over 200 miles away from
Mexico City, the unique geologic nature of Mexico City sited on an ancient lake bed of silt and
clay caused long period ground shaking that lasted for an extended duration. This long period
shaking was much more damaging to mid-rise and larger structures because these buildings were
in resonance with the ground motions. In current design practice site factors based on the
underlying soil are used to modify the seismic hazard parameters to account for this effect.

The 1989 Loma Prieta Earthquake caused an estimated $6 billion in damage, although it was far
less deadly than other major earthquakes throughout history. Only 63 people lost their lives, a
testament to the over 40 years of awareness and consideration of earthquakes in the design of
structures. A majority of those deaths, 42, resulted from the collapse of the Cyprus Street
Viaduct, a nonductile concrete elevated freeway. In this earthquake the greatest damage
occurred in Oakland, parts of Santa Cruz and the Marina District in San Francisco where the
subsurface material was soft soil or poorly compacted fill. As with the Mexico City experience,
this illustrated the importance of subsurface conditions on the amplification of earthquake
shaking. The earthquake also highlighted the vulnerability of soft and weak story buildings. A
significant number of the collapsed buildings in the Marina District were wood framed apartment
buildings with weak first stories because of the garages door openings. Those openings greatly
reduced the wall area at the first story.

Five years later the 1994 Northridge earthquake struck California near Los Angeles. Fifty seven
people lost their lives and the damage was estimated at around $20 billion. The high cost of
damage repair emphasized the need for engineers to consider overall building performance, in
addition to building collapse, and spurred the movement toward Performance-Based design. As
with the 1989 Loma Prieta earthquake, there was a disproportionate number of collapses of
soft/weak first story wood framed apartment buildings.

The most significant issue from the 1994 Northridge Earthquake was the unanticipated damage
to steel moment frames that was discovered. Steel moment frames had generally been thought of
as the best seismic force resisting system due to their good performance in the 1906 San
Francisco Earthquake. However, many moment frames experienced fractures of the weld that
connected the beam flange to the column flange. This led to a multi-year, FEMA funded
problem-focused study to assess and improve the seismic performance of steel moment frames.

It also led to requirements for the number of frames in a structure, and penalties for having a
lateral force resisting system that does not have sufficient redundancy.

The profession is still learning from earthquakes. The 2010 Chile earthquake has led to updates
in the design provisions for concrete wall structures, which have been incorporated into the latest
edition of the ACI 318 standard referenced in the Provisions. The 2011 Christchurch Earthquake
spurned significant changes to the design of egress stairs in the Standard.
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1.2 HISTORY AND ROLE OF THE NEHRP PROVISIONS

Following the completion of the ATC 3 project in 1978, there was desire to make the ATC 3-06
approach the basis for new regulatory provisions and to update them periodically. FEMA, as the
lead agency of the National Earthquake Hazard Reduction Program (NEHRP) at the time,
contracted with the then newly formed Building Seismic Safety Council (BSSC) to perform trial
designs based on ATC 3-06 to exercise the proposed new provisions. The BSSC put together a
group of experts consisting of consulting engineers, academics, representatives from various
building industries and building officials. The result of that effort was the first (1985) edition of
the NEHRP Recommended Provisions for the Development of Seismic Regulations for New
Buildings.

Since the publication of the first edition through the 2003 edition, the NEHRP Provisions were
updated every three years. Each update incorporated recent advances in earthquake engineering
research and lessons learned from previous earthquakes. The intended purpose of the Provisions
was to serve as a code resource document. While the SEAOC Blue Book continued to serve as
the basis for the earthquake design provisions in the Uniform Building Code, the BOCA National
Building Code and the Standard Building Code both adopted the 1991 NEHRP Provisions in
their 1993 and 1994 editions respectively. The 1993 version of the ASCE 7 standard Minimum
Design Loads for Buildings and Other Structures (which had formerly been American National
Standards Institute (ANSI) Standard A58.1) also utilized the 1991 NEHRP Provisions.

In the late 1990’s the three major code organizations, ICBO (publisher of the UBC), BOCA, and
SBC decided to merge their three codes into one national model code. When doing so they
chose to incorporate the 1997 NEHRP Provisions as the seismic design requirements for the
inaugural 2000 edition of the International Building Code (IBC). Thus, the SEAOC Blue Book
was no longer the base document for the UBC/IBC. The 1997 NEHRP Provisions had a number
of major changes. Most significant was the switch from the older seismic maps of ATC 3-06 to
new, uniform hazard spectral value maps produced by USGS in accordance with BSSC
Provisions Update Committee (PUC) Project 97. The 1998 edition of ASCE 7 was also based on
the 1997 NEHRP Provisions.

ASCE 7 continued to incorporate the 2000 and 2003 editions of the Provisions for its 2002 and
2005 editions, respectively. However, the 2000 IBC adopted the 1997 NEHRP Provisions by
directly transferring the text from the provisions into the code. In the 2003 IBC the provisions
from the 2000 IBC were retained and there was also language, for the first time, which pointed
the user to ASCE 7-02 for seismic provisions instead of adopting the 2000 NEHRP Provisions
directly. The 2006 IBC explicitly referenced ASCE 7 for the earthquake design provisions, as
did the 2009 and 2012 editions.

With the shift in the IBC from directly incorporating the NEHRP Provision for their earthquake
design requirements to simply referencing the provisions in ASCE 7, the 2009 BSSC Provisions
Update Committee decided to move the 2009 NEHRP Provisions in a new direction. Instead of
providing all the seismic design provisions within the NEHRP Provisions, which would
essentially be repeating the provisions in ASCE 7, and then modifying them, the PUC chose to
adopt ASCE 7-05 by reference and then provide recommendations to modify it as necessary.
Therefore, Part 1 of the 2009 NEHRP Provisions contained major technical modifications to
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ASCE 7-05 which, along with other recommendations from the ASCE 7 Seismic Subcommittee,
were the basis for proposed changes that were incorporated into ASCE 7-10 and included
associated commentary on those changes. The PUC also developed a detailed commentary to
the seismic provisions of ASCE 7-05, which became Part 2 of the 2009 NEHRP Provisions.

In addition to Part 1 and Part 2 in the 2009 NEHRP Provisions, a new section was introduced —
Part 3. The intent of this new portion was to showcase new research and emerging methods,
which the PUC did not feel was ready for adoption into national design standards but was
important enough to be disseminated to the profession. This new three part format marked a
change in the Provisions from a code-language resource document to the key knowledge-based
resource for improving the national seismic design standards and codes.

The 2015 NEHRP Provisions follows the same three part format as the 2009 NEHRP Provisions.
Part 1 provides recommended technical changes to ASCE 7-10 including Supplements 1 and 2.
Those changed from Part 1 of the 2015 NEHRP Provisions have been adopted, with some
modifications, into ASCE 7-16. Part 2 contains an updated expanded commentary to ASCE 7-
10, including commentary associated with the recommended technical changes from Part 1. In
the 2015 Provisions several chapters in ASCE 7 were completely re-written, those dealing with
nonlinear response history analysis, seismic isolation, supplemental energy dissipation, and soil-
structure interaction. In addition to the new chapters, significant changes were made to the
seismic design parameters through new site factors and new requirements for when site specific
spectra are required, updated linear analysis procedures, a new diaphragm design methodology,
and a new procedure for designing structures on liquefiable soils.

Part 3 of the 2015 NEHRP Provisions contains five new resource papers. The resource papers
form the 2009 NEHRP Provisions were evaluated by the 2015 NEHRP Provisions Update
Committee. In some cases the material from the 2009 resource papers formed the basis for or
were Part 1 recommended technical changes in the 2015 NEHRP Provisions, such as ultimate
strength design of foundations, nonlinear response history analysis, and the new diaphragm
provisions. A number of papers were removed from Part 3 because the 2015 NEHRP Provisions
Update Committee chose not to carry those papers forward. That decision does not necessarily
mean that the information contained in the papers is not valid anymore, but that either new
modifications to the 2015 NEHRP Provisions eliminated the need for the paper or the material in
the paper need only be correlated with Part 1 changes in the 2015 NEHRP Provisions and
material standards to be referred to as it is published in Part 3 of the 2009 NEHRP Provisions.
Today, someone needing to design a seismically resilient building in the U.S. would first go to
the local building code which has generally adopted the IBC with or without modifications by
the local jurisdiction. For seismic design requirements, the building code typically points to
relevant Chapters of ASCE 7. Those chapters of ASCE 7 set forth the seismic hazard, design
forces and system detailing requirements. The seismic forces in ASCE 7 are dependent upon the
type of detailing and specific requirements of the lateral force resisting system elements. ASCE 7
then points to material specific requirements found in the material design standards published by
ACI, AISC, AISI, AF&PA and TMS for those detailing requirements. Within this structure, the
NEHRP Provisions serves as a consensus evaluation of the design standards and a vehicle to
transfer new knowledge to ASCE 7 and the material design standards.
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1.3 THE NEHRP DESIGN EXAMPLES

Design examples were first prepared for the 1985 NEHRP Provisions in a publication entitled
Guide to Application of the NEHRP Recommended Provisions, FEMA 140. These design
examples were based on real buildings. The intent was the same as it is now, to show people
who are not familiar with seismic design of how to apply the Provisions, the standards
referenced by the Provisions and the concepts behind the Provisions.

Because of the expanded role that the Provisions were having as the basis for the seismic design
requirements for the model codes and standards, it was felt that there should be an update and
expansion of the original design examples. Following the publication of the 2003 NEHRP
Provisions, FEMA commissioned a project to update and expand the design examples. This
resulted in NEHRP Recommended Provisions: Design Examples, FEMA 451. Many of the
design problems drew heavily on the examples presented in FEMA 140, but were completely
redesigned based on first the 2000 and then the 2003 NEHRP Provisions and the materials
standards referenced therein. Additional examples were created to reflect the myriad of
structures now covered under the Provisions.

With the 2009 update to the NEHRP Provisions, the Design Examples were revised and
expanded upon and published as FEMA 751. This volume is an update of the design examples in
FEMA 751 to reflect the 2015 NEHRP Provisions and the updated standards referenced therein.
Many of the design examples are the same as presented in FEMA 751, with only changes made
due to changes in the provisions. There are also several new examples to illustrate new material
or significant changes from Part 1 of the 2015 NEHRP Provisions.

The Design Examples not only covers the application of ASCE 7, the material design standards
and the NEHRP Provisions, it also illustrates the use of analysis methods and earthquake
engineering knowledge and judgment in situations which would be encountered in real designs.
The authors of the design examples are subject matter experts in the specific area covered by the
chapter they authored. Furthermore, the companion NEHRP Recommend Provisions: Training
Materials provides greater background information and knowledge, which augment the design
examples.

It is hoped that with the Part 2 Expanded Commentary in the 2015 NEHRP Provisions, the
Design Examples and the Training Materials, an engineer will be able to understand not just how
to use the Provisions, but also the philosophical and technical basis behind the provisions.
Through this understanding of the intent of the seismic design requirements found in ASCE 7,
the material design standards and the 2015 NEHRP Provisions, it is hoped that more engineers
will find the application of those standards less daunting and thereby utilize the standards more
effectively in creating innovative and safe designs.

Chapter 2 — Fundamentals presents a brief but thorough introduction to the fundamentals of
earthquake engineering. While this section does not present any specific applications of the
Provisions, it provides the reader with the essential philosophical background to what is
contained within the Provisions. The concepts of idealizing a seismic dynamic load as an
equivalent static load and providing ductility instead of pure elastic strength are explained.
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Chapter 3 - Earthquake Ground Motion explains the basis for determining seismic hazard
parameters used for design in the Provisions. It discusses the updated Risk Targeted maps found
in the 2015 NEHRP Provisions and ASCE 7-16. The chapter also discusses probabilistic seismic
hazard assessment, the maximum direction response parameters, the development of a site
specific response spectrum and selection and scaling of ground motion histories for use in linear
and nonlinear response history analysis.

Chapter 4 — Liner Structural Analysis presents the analysis of a building using the equivalent
lateral force procedure, a modal response spectrum analysis and the new linear response history
analysis procedure. The three analysis procedures are compared to illustrate the difference in
results between them. This chapter is a complete re-write from the previous chapter, but uses a
similar building as was used in the previous Design Examples. That is because significant
changes were made to the modal response spectrum analysis provisions and the linear response
history procedures were completely rewritten in the 2015 NEHRP Provisions.

Chapter 5 — Nonlinear Response History Analysis presents the analysis of a building new
nonlinear response history analysis procedure contained in the Provisions and the Standard.
This chapter illustrates how the new procedures in Chapter 16 can be used to perform a
performance-based design of a tall concrete core wall building with features that would not be
permitted under Chapter 12 of the Standard. How the linear analysis of Chapter 12 is used in
conjunction with the nonlinear analysis procedures is also illustrated.

Chapter 6 — Horizontal Diaphragm Analysis presents an example of the determination of
diaphragm design forces using the tradition diaphragm design force method in the Standard and
the new alternate diaphragm design method in the Provisions first in general then for several
example buildings. The design forces levels between the traditional and the alternative methods
are compared.

Chapter 7 — Foundation and Liquefaction Design presents design examples for both shallow
and deep foundations using the ultimate strength design in Part 1 of the Provisions and illustrates
the new liquefaction design provisions. First, a spread footing foundation for a 7-story steel
framed building is presented. Second the design of a pile foundation for a 12-story concrete
moment frame building is presented. Designs of the steel and concrete structures whose
foundations are designed in this chapter are presented in Chapters 9 and 10 respectively. Lastly,
the chapter presents examples on the design and detailing of foundation systems on liquefiable
soils based on the new material in the Provisions.

Chapter 8 — Soil Structure Interaction presents the design of a four story reinforced concrete
shear wall building with and without the use of the new soil-structure interaction chapter of the
Provisions. The example first illustrates the effect that foundation damping soil-structure
interaction has on reducing the design forces for stiff buildings with shallow foundations on soft
subsurface material. The example also illustrates how kinematic soil-structure interaction can
alter the foundation input response spectrum from the free-field spectrum and how that SSI
modified spectrum affects the nonlinear response history analysis of a structure. This chapter
also provides discussion and explanation of the restrictions on the use of soil structure
interaction.
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Chapter 9 — Structural Steel Design presents the design of three different types of steel
buildings. The first building is a high-bay industrial warehouse which uses an ordinary
concentric braced frame in one direction and an intermediate steel moment frame in the other
direction. The second example is a 7-story office building which is designed using two alternate
framing systems, special steel moment frames and special concentric braced frames. The
majority of the changes in this chapter relates to changes made in the material design standards.

Chapter 10 — Reinforced Concrete presents the designs of a 12-story office building located in
moderate and high seismicity. The same building configuration is used in both cases, but in the
moderate seismicity region “Intermediate” moment frames are used while “Special” moment
frames are used in the high seismicity region. Also in the high seismicity region, special
concrete walls are needed in one direction and their design is presented. The majority of the
changes in this chapter relates to changes made in the material design standards.

Chapter 11 — Precast Concrete Design presents examples of four common cases where precast
concrete elements are a component of a seismic force resisting system. The first example
presents the design of precast concrete panels being used as horizontal diaphragms both with and
without a concrete topping slab based on the new diaphragm analysis procedure and updated
requirements for precast concrete diaphragms. The second example presents the design of 3-
story office building using intermediate precast concrete shear walls in a region of low or
moderate seismicity The third example presents the design of a one-story tilt-up concrete
industrial building in a region of high seismicity. The last example presents the design of a
precast Special Moment Frame.

Chapter 12 — Composite Steel and Concrete presents the design of a 4-story medical office
building in a region of moderate seismicity. The building uses composite partially restrained
moment frames in both directions as the lateral force resisting system.

Chapter 13 — Masonry presents the design of two common types of buildings using reinforced
masonry walls as their lateral force resisting system. The first example is a single-story masonry
warehouse building with tall, slender walls. The second example is a five-story masonry hotel
building with a bearing wall system designed in areas with different seismicity. The majority of
the changes in this chapter relate to changes made in the material design standards.

Chapter 14 — Wood Design presents the design of a variety of wood elements in common
seismic force resisting applications. The first example is a three-story, wood-frame apartment
building. The second example illustrates the design of the roof diaphragm and wall-to-roof
anchorage for the masonry building featured in the first example of Chapter 13 using both the
traditional diaphragm analysis procedure in the Standard and the new alternate diaphragm
analysis procedure from the Provisions.

Chapter 15 — Seismically Isolated Structures presents both the basic concepts of seismic
isolation and then the design of an essential facility using a seismic isolation system. The
example building has a special concentrically braced frame superstructure and uses lead rubber
bearing. The example illustrates the significantly revised provisions, including the provision
which now allows for the use of an ordinary braced frame above the isolation plane.
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Chapter 16 — Structures with Supplemental Energy Dissipation Devices presents both the
basic concepts of designing a structure with supplemental energy dissipation devices (dampers)
and then the design of steel moment frame building with fluid viscous dampers. This example is
new to the Design Examples and illustrates the major revisions that were made to the damping
chapter in the Provisions.

Chapter 17 — Nonbuilding Structure Design presents the design of various types of structures
other than buildings that are covered by the nonbuidling structure Provisions. First there is a
brief discussion about the difference between a nonbuilding structure and a nonstructural
component. The first example is the design of a pipe rack, which is a nonbuilding structure
similar to a building. The second example is of an industrial storage rack. The third example is
a power generating plant with significant mass irregularities. The third example is a pier. The
fourth examples are flat-bottomed storage tanks, which also illustrates how the Provisions are
used in conjunction with industry design standards. The last example is of a tall, slender vertical
storage vessel containing hazardous materials, which replaces an example of an elevated
transformer.

Chapter 18 — Design for Nonstructural Components presents a discussion on the design of
nonstructural components and their anchorage plus several design examples. The examples are
of an architectural concrete wall panel, an egress stair, the supports for a large rooftop fan unit,
the analysis and bracing of a piping system and an elevated vessel. The egress stair example in
particular illustrates significant changes to the Provisions recognizing the importance of these
nonstructural components.
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In introducing their classic text, Fundamentals of Earthquake Engineering, Newmark and Rosenblueth
(1971) comment:

In dealing with earthquakes, we must contend with appreciable probabilities that failure
will occur in the near future. Otherwise, all the wealth of the world would prove
insufficient to fill our needs: the most modest structures would be fortresses. We must
also face uncertainty on a large scale, for it is our task to design engineering systems —
about whose pertinent properties we know little — to resist future earthquakes and tidal
waves — about whose characteristics we know even less. . . . In a way, earthquake
engineering is a cartoon. . .. Earthquake effects on structures systematically bring out
the mistakes made in design and construction, even the minutest mistakes.

Several points essential to an understanding of the theories and practices of earthquake-resistant design
bear restating:

1. Ordinarily, a large earthquake produces the most severe loading that a building is expected to
survive. The probability that failure will occur is very real and is greater than for other loading
phenomena. Also, in the case of earthquakes, the definition of failure is altered to permit certain
types of behavior and damage that are considered unacceptable in relation to the effects of other
phenomena.

2. The levels of uncertainty are much greater than those encountered in the design of structures to
resist other phenomena. This is in spite of the tremendous strides made since the Federal
government began strongly supporting research in earthquake engineering and seismology
following the 1964 Prince William Sound and 1971 San Fernando earthquakes. The high
uncertainty applies both to knowledge of the loading function and to the resistance properties of
the materials, members and systems.

3. The details of construction are very important because flaws of no apparent consequence often
will cause systematic and unacceptable damage simply because the earthquake loading is so
severe and an extended range of behavior is permitted.

The remainder of this chapter is devoted to a very abbreviated discussion of fundamentals that reflect the
concepts on which earthquake-resistant design are based. When appropriate, important aspects of the
NEHRP Recommended Seismic Provisions for New Buildings and Other Structures are mentioned and
reference is made to particularly relevant portions of that document or the standards that are incorporated
by reference. The 2015 Provisions is composed of three parts: 1) “Provisions”, 2) “Commentary on
ASCE/SEI 7-2010” and 3) “Resource Papers on Special Topics in Seismic Design”. Part 1 states the
intent and then cites ASCE/SEI 7-2010 Minimum Design Loads for Buildings and Other Structures as the
primary reference. The remainder of Part 1 contains recommended changes to update ASCE/SEI 7-2010;
the recommended changes include commentary on each specific recommendation. All three parts are
referred to herein as the Provisions, but where pertinent the specific part is referenced and ASCE/SEI 7-
2010 is referred to as the Standard. ASCE/SEI 7-2010 itself refers to several other standards for the
seismic design of structures composed of specific materials and those standards are essential elements to
achieve the intent of the Provisions.

2.1 EARTHQUAKE PHENOMENA

According to the most widely held scientific belief, most earthquakes occur when two segments of the
earth’s crust suddenly move in relation to one another. The surface along which movement occurs is
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known as a fault. The sudden movement releases strain energy and causes seismic waves to propagate
through the crust surrounding the fault. These waves cause the surface of the ground to shake violently,
and it is this ground shaking that is the principal concern of structural engineering to resist earthquakes.

Earthquakes have many effects in addition to ground shaking. For various reasons, the other effects
generally are not major considerations in the design of buildings and similar structures. For example,
seismic sea waves or tsunamis can cause very forceful flood waves in coastal regions, and seiches (long-
period sloshing) in lakes and inland seas can have similar effects along shorelines. These are outside the
scope of the Provisions. This is not to say, however, that they should not be considered during site
exploration and analysis. Designing structures to resist such hydrodynamic forces is a very specialized
topic, and it is common to avoid constructing buildings and similar structures where such phenomena are
likely to occur. Long-period sloshing of the liquid contents of tanks is addressed by the Provisions.

Abrupt ground displacements occur where a fault intersects the ground surface. (This commonly occurs
in California earthquakes but apparently did not occur in the historic Charleston, South Carolina,
earthquake or the very large New Madrid, Missouri, earthquakes of the nineteenth century.) Mass soil
failures such as landslides, liquefaction and gross settlement are the result of ground shaking on
susceptible soil formations. Once again, design for such events is specialized, and it is common to locate
structures so that mass soil failures and fault breakage are of no major consequence to their performance.
Modification of soil properties to protect against liquefaction is one important exception; large portions of
a few metropolitan areas with the potential for significant ground shaking are susceptible to liquefaction.
Lifelines that cross faults require special design beyond the scope of the Provisions. The structural loads
specified in the Provisions are based solely on ground shaking; they do not provide for ground failure.
Resource Paper 12 (“Evaluation of Geologic Hazards and Determination of Seismic Lateral Earth
Pressures”) in Part 3 of the Provisions includes a description of current procedures for prediction of
seismic-induced slope instability, liquefaction and surface fault rupture.

Nearly all large earthquakes are tectonic in origin — that is, they are associated with movements of and
strains in large segments of the earth’s crust, called plates, and virtually all such earthquakes occur at or
near the boundaries of these plates. This is the case with earthquakes in the far western portion of the
United States where two very large plates, the North American continent and the Pacific basin, come
together. In the central and eastern United States, however, earthquakes are not associated with such a
plate boundary, and their causes are not as completely understood. This factor, combined with the
smaller amount of data about central and eastern earthquakes (because of their infrequency), means that
the uncertainty associated with earthquake loadings is higher in the central and eastern portions of the
nation than in the West. Even in the West, the uncertainty (when considered as a fraction of the predicted
level) about the hazard level is probably greater in areas where the mapped hazard is low than in areas
where the mapped hazard is high.

The amplitude of earthquake ground shaking diminishes with distance from the source, and the rate of
attenuation is less for lower frequencies of motion than for higher frequencies. This effect is captured, to
an extent, by the fact that the Provisions use three parameters to define the hazard of seismic ground
shaking for structures. Two are based on statistical analysis of the database of seismological information:
the Ss values are pertinent for higher frequency motion, and the S; values are pertinent for other middle
frequencies. The third value, Ty, defines an important transition point for long period (low frequency)
behavior; it is not based upon as robust an analysis as the other two parameters.

Two basic data sources are used in establishing the likelihood of earthquake ground shaking, or
seismicity, at a given location. The first is the historical record of earthquake effects and the second is the
geological record of earthquake effects. Given the infrequency of major earthquakes, there is no place in
the United States where the historical record is long enough to be used as a reliable basis for earthquake
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prediction — certainly not as reliable as with other phenomena such as wind and snow. Even on the
eastern seaboard, the historical record is too short to justify sole reliance on the historical record. Thus,
the geological record is essential. Such data require very careful interpretation, but they are used widely
to improve knowledge of seismicity. Geological data have been developed for many locations as part of
the nuclear power plant design process. On the whole, there is more geological data available for the far
western United States than for other regions of the country. Both sets of data have been taken into
account in the Provisions seismic ground shaking maps.

The Commentary provides a more thorough discussion of the development of the maps, their probabilistic
basis, the necessarily crude lumping of parameters and other related issues. Prior to its 1997 edition, the
basis of the Provisions was to “provide life safety at the design earthquake motion,” which was defined as
having a 10 percent probability of being exceeded in a 50-year reference period. As of the 1997 edition,
the basis became to “avoid structural collapse at the maximum considered earthquake (MCE) ground
motion,” which is defined as having a 2 percent probability of being exceeded in a 50-year reference
period. In the 2015 edition of the Provisions the design basis has been refined to target a 1% probability
of structural collapse for ordinary buildings in a 50 year period. The MCE ground motion has been
adjusted to deliver this level of risk combined with a 10% probability of collapse should the MCE ground
motion occur. This new approach incorporates a fuller consideration of the nature of the seismic hazard
at a location than was possible with the earlier definitions of ground shaking hazard, which were tied to a
single level of probability of ground shaking occurrence.

2.2 STRUCTURAL RESPONSE TO GROUND SHAKING

The first important difference between structural response to an earthquake and response to most other
loadings is that the earthquake response is dynamic, not static. For most structures, even the response to
wind is essentially static. Forces within the structure are due almost entirely to the pressure loading rather
than the acceleration of the mass of the structure. But with earthquake ground shaking, the aboveground
portion of a structure is not subjected to any applied force. The stresses and strains within the
superstructure are created entirely by its dynamic response to the movement of its base, the ground. Even
though the most used design procedure resorts to the use of a concept called the equivalent static force for
actual calculations, some knowledge of the theory of vibrations of structures is essential.

2.2.1 Response Spectra

Figure 2.2-1 shows accelerograms, records of the acceleration at one point along one axis, for several
representative earthquakes. Note the erratic nature of the ground shaking and the different characteristics
of the different accelerograms. Precise analysis of the elastic response of an ideal structure to such a
pattern of ground motion is possible; however, it is not commonly done for ordinary structures. The
increasing power and declining cost of computational aids are making such analyses more common but, at
this time, only a small minority of structures designed across the country, are analyzed for specific
response to a specific ground motion.
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Figure 2.2-1 Earthquake Ground Acceleration in Epicentral Regions

2-5



FEMA P-1051, NEHRP Recommended Provisions: Design Examples

Note: All accelerograms are plotted to the same scale for time and acceleration — the vertical axis is % gravity). Great

earthquakes extend for much longer periods of time.)

Figure 2.2-2 shows further detail developed from an accelerogram. Part (a) shows the ground
acceleration along with the ground velocity and ground displacement derived from it. Part (b) shows the
acceleration, velocity and displacement for the same event at the roof of the building located where the
ground motion was recorded. Note that the peak values are larger in the diagrams of Figure 2.2-2(b) (the
vertical scales are essentially the same). This increase in response of the structure at the roof level over
the motion of the ground itself is known as dynamic amplification. It depends very much on the
vibrational characteristics of the structure and the characteristic frequencies of the ground shaking at the

site.
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(b) Motion at roof

Figure 2.2-2 Holiday Inn Ground and Building Roof Motion During the M6.4 1971 San Fernando
Earthquake: (a) north-south ground acceleration, velocity and displacement and (b) north-south
roof acceleration, velocity and displacement (Housner and Jennings, 1982).

Note: The Holiday Inn, a 7-story, reinforced concrete frame building, was approximately 5 miles from the closest portion of the
causative fault. The recorded building motions enabled an analysis to be made of the stresses and strains in the structure during

the earthquake.
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In design, the response of a specific structure to an earthquake is ordinarily estimated from a design
response spectrum such as is specified in the Provisions. The first step in creating a design response
spectrum is to determine the maximum response of a given structure to a specific ground motion (see
Figure 2.2-2). The underlying theory is based entirely on the response of a single-degree-of-freedom
oscillator such as a simple one-story frame with the mass concentrated at the roof. The vibrational
characteristics of such a simple oscillator may be reduced to two: the natural period* and the amount of
damping. By recalculating the record of response versus time to a specific ground motion for a wide
range of natural periods and for each of a set of common amounts of damping, the family of response
spectra for one ground motion may be determined. It is simply the plot of the maximum value of
response for each combination of period and damping.

Figure 2.2-3 shows such a result for the ground motion of Figure 2.2-2(a) and illustrates that the erratic
nature of ground shaking leads to a response that is very erratic in that a slight change in the natural
period of vibration brings about a very large change in response. The figure also illustrates the
significance of damping. Different earthquake ground motions lead to response spectra with peaks and
valleys at different points with respect to the natural period. Thus, computing response spectra for several
different ground motions and then averaging them, based on some normalization for different amplitudes
of shaking, will lead to a smoother set of spectra. Such smoothed spectra are an important step in
developing a design spectrum.

! Much of the literature on dynamic response is written in terms of frequency rather than period. The cyclic
frequency (cycles per second, or Hz) is the inverse of period. Mathematically it is often convenient to use the
angular frequency expressed as radians per second rather than Hz. The conventional symbols used in earthquake
engineering for these quantities are T for period (seconds per cycle), f for cyclic frequency (Hz) and o for angular
frequency (radians per second). The word frequency is often used with no modifier; be careful with the units.
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Spectral Acceleration, S, (g)

Period, T (s)

Figure 2.2-3 Response spectrum of north-south ground acceleration (0%, 2%, 5%, 10%, 20% of
critical damping) recorded at the Holiday Inn, approximately 5 miles from the causative fault in the
1971 San Fernando earthquake.

Figure 2.2-4 is an example of an averaged spectrum. Note that acceleration, velocity, or displacement
may be obtained from Figure 2.2-3 or 1.2-4 for a structure with known period and damping.
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Note: In this case, the statistics are for seven ground motions representative of the de-aggregated hazard at a particular site.

Prior to the 1997 edition of the Provisions, the maps that characterized the ground shaking hazard were
plotted in terms of peak ground acceleration (at period, T, = 0), and design response spectra were created
using expressions that amplified (or de-amplified) the ground acceleration as a function of period and
damping. With the introduction of the new maps in the 1997 edition, this procedure changed. Now the
maps present spectral response accelerations at two periods of vibration, 0.2 and 1.0 second, and the
design response spectrum is computed more directly, as implied by the smooth line in Figure 2.2-4. This
has removed a portion of the uncertainty in predicting response accelerations.

Few structures are so simple as to actually vibrate as a single-degree-of-freedom system. The principles
of dynamic modal analysis, however, allow a reasonable approximation of the maximum response of a
multi-degree-of-freedom oscillator, such as a multistory building, if many specific conditions are met.
The procedure involves dividing the total response into a number of natural modes, modeling each mode
as an equivalent single-degree-of-freedom oscillator, determining the maximum response for each mode
from a single-degree-of-freedom response spectrum and then estimating the maximum total response by
statistically summing the responses of the individual modes. The Provisions does not require
consideration of all possible modes of vibration for most buildings because the contribution of the higher
modes (lower periods) to the total response is relatively minor.

The soil at a site has a significant effect on the characteristics of the ground motion and, therefore, on the
structure’s response. Especially at low amplitudes of motion and at longer periods of vibration, soft soils
amplify the motion at the surface with respect to bedrock motions. This amplification is diminished
somewhat, especially at shorter periods as the amplitude of basic ground motion increases, due to yielding
in the soil. The Provisions accounts for this effect by providing amplifiers that are to be applied to the 0.2
and 1.0 second spectral accelerations for various classes of soils. (The ground motion maps in the
Provisions are drawn for sites on rock.) Thus, very different design response spectra are specified
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depending on the type of soil(s) beneath the structure. The Commentary (Part 2) contains a thorough
explanation of this feature.

2.2.2 Inelastic Response

The preceding discussion assumes elastic behavior of the structure. The principal extension beyond
ordinary behavior referenced at the beginning of this chapter is that structures are permitted to strain
beyond the elastic limit in responding to earthquake ground shaking. This is dramatically different from
the case of design for other types of loads in which stresses and therefore strains, are not permitted to
approach the elastic limit. The reason is economic. Figure 2.2-3 shows a peak acceleration response of
about 1.0 g (the acceleration due to gravity) for a structure with moderately low damping — for only a
moderately large earthquake! Even structures that resist lateral forces well will have a static lateral
strength of only 20 to 40 percent of gravity.

The dynamic nature of earthquake ground shaking means that a large portion of the shaking energy can be
dissipated by inelastic deformations if the structure is ductile and some damage to the structure is
accepted. Figure 2.2-5 will be used to illustrate the significant difference between wind and seismic
effects. Figure 2.2-5(1) would represent a cantilever beam if the load W were small and a column if W
were large. Wind pressures create a force on the structure, which in turn produces a displacement. The
force is the independent variable and the displacement is the dependent result. Earthquake ground motion
creates displacement between the base and the mass, which in turn produces an internal force. The
displacement is the independent variable, and the force is the dependent result. Two graphs are plotted
with the independent variables on the horizontal axis and the dependent response on the vertical axis.
Thus, part (b) of the figure is characteristic of the response to forces such as wind pressure (or gravity
weight), while part (c) is characteristic of induced displacements such as earthquake ground shaking (or
foundation settlement).

Note that the ultimate resistance (Hy) in a force-controlled system is marginally larger than the yield
resistance (Hy), while the ultimate displacement (Ay) in a displacement-controlled system is much larger
than the yield displacement (Ay). The point being made with the figures is that ductile structures have the
ability to resist displacements much larger than those that first cause yield.

The degree to which a member or structure may deform beyond the elastic limit is referred to as ductility.
Different materials and different arrangements of structural members lead to different ductilities.
Response spectra may be calculated for oscillators with different levels of ductility. At the risk of gross
oversimplification, the following conclusions may be drawn:

1. For structures with very long natural periods, the acceleration response is reduced by a factor
equivalent to the ductility ratio (the ratio of maximum usable displacement to effective yield
displacement — note that this is displacement and not strain).

2. For structures with very short natural periods, the acceleration response of the ductile structure is
essentially the same as that of the elastic structure, but the displacement is increased.

3. For intermediate periods (which applies to nearly all buildings), the acceleration response is

reduced, but the displacement response is generally about the same for the ductile structure as for
the elastic structure strong enough to respond without yielding.
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Figure 2.2-5 Force Controlled Resistance Versus Displacement Controlled Resistance
(after Housner and Jennings 1982). In part (b) the force H is the independent variable. As H is
increased, the displacement increases until the yield point stress is reached. If H is given an
additional increment (about 15 percent) a plastic hinge forms, giving large displacements. For this
kind of system, the force producing the yield point stress is close to the force producing collapse.
The ductility does not produce a large increase in load capacity, although in highly redundant
structures the increase is more than illustrated for this very simple structure. In part (c) the
displacement is the independent variable.

Note: As the displacement is increased, the base moment increases until the yield point is reached. As the displacement increases
still more, the resistance (H) increases only a small amount. For a highly ductile element, the displacement can be increased 10
to 20 times the yield point displacement before the system collapses under the weight W. (As W increases, this ductility is
decreased dramatically.) During an earthquake, the oscillator is excited into vibrations by the ground motion and it behaves
essentially as a displacement-controlled system and can survive displacements much beyond the yield point. This explains why
ductile structures can survive ground shaking that produces displacements much greater than yield point displacement.

Inelastic response is quite complex. Earthquake ground motions involve a significant number of reversals
and repetitions of the strains. Therefore, observation of the inelastic properties of a material, member, or
system under a monotonically increasing load until failure can be very misleading. Cycling the
deformation can cause degradation of strength, stiffness, or both. Systems that have a proven capacity to
maintain a stable resistance to a large number of cycles of inelastic deformation are allowed to exercise a
greater portion of their ultimate ductility in designing for earthquake resistance. This property is often
referred to as toughness, but this is not the same as the classic definition used in mechanics of materials.

Most structures are designed for seismic response using a linear elastic analysis with the strength of the
structure limited by the strength at its critical location. Most structures possess enough complexity so that
the peak strength of a ductile structure is not accurately captured by such an analysis. Figure 2.2-6 shows
the load versus displacement relation for a simple frame. Yield must develop at four locations before the
peak resistance is achieved. The margin from the first yield to the peak strength is referred to as
overstrength, and it plays a significant role in resisting strong ground motion. Note that a few key design
standards (for example, American Concrete Institute (ACI) 318 for the design of concrete structures) do
allow for some redistribution of internal forces from the critical locations based upon ductility; however,
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the redistributions allowed therein are minor compared to what occurs in response to strong ground
motion.
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Figure 2.2-6 Initial Yield Load and Failure for a Ductile Portal Frame

Note: The margin from initial yield to failure (mechanism in this case) is known as overstrength.

To summarize, the characteristics important in determining a building’s seismic response are natural
period, damping, ductility, stability of resistance under repeated reversals of inelastic deformation and
overstrength. The natural frequency is dependent on the mass and stiffness of the building. Using the
Provisions the designer calculates, or at least approximates, the natural period of vibration (the inverse of
natural frequency). Damping, ductility, toughness and overstrength depend primarily on the type of
building system, but not the building’s size or shape. Three coefficients — R, Cq and £, — are provided to
encompass damping, ductility, stability of resistance and overstrength. R is intended to be a
conservatively low estimate of the reduction of acceleration response in a ductile system from that for an
elastic oscillator with a certain level of damping. It is used to compute a required strength. Computations
of displacement based upon ground motion reduced by the factor R will underestimate the actual
displacements. Cq is intended to be a reasonable mean for the amplification necessary to convert the
elastic displacement response computed for the reduced ground motion to actual displacements. € is
intended to deliver a reasonably high estimate of the peak force that would develop in the structure. Sets
of R, Cq and € are specified in the Provisions for the most common structural materials and systems.

2-12



Fundamentals

2.2.3 Building Materials

The following brief comments about building materials and systems are included as general guidelines
only, not for specific application.

2.2.3.1 Wood. Timber structures nearly always resist earthquakes very well, even though wood is a
brittle material as far as tension and flexure are concerned. It has some ductility in compression
(generally monotonic), and its strength increases significantly for brief loadings, such as earthquake.
Conventional timber structures (plywood, oriented strand board, or board sheathing on wood framing)
possess much more ductility than the basic material primarily because the nails, and other steel
connection devices yield, and the wood compresses against the connector. These structures also possess a
much higher degree of damping than the damping that is assumed in developing the basic design
spectrum. Much of this damping is caused by slip at the connections. The increased strength, connection
ductility, and high damping combine to give timber structures a large reduction from elastic response to
design level. This large reduction should not be used if the strength of the structure is actually controlled
by bending or tension of the gross timber cross sections. The large reduction in acceleration combined
with the light weight timber structures make them very efficient with regard to earthquake ground shaking
when they are properly connected. This is confirmed by their generally good performance in earthquakes.
Capacities and design and detailing rules for wood elements of seismic force-resisting systems are now
found in the Special Design Provisions for Wind and Seismic supplement to the National Design
Specification for Wood Construction.

2.2.3.1 Steel. Steel is the most ductile of the common building materials. The moderate-to-large
reduction from elastic response to design response allowed for steel structures is primarily a reflection of
this ductility and the stability of the resistance of steel. Members subject to buckling (such as bracing)
and connections subject to brittle fracture (such as partial penetration welds under tension) are much less
ductile and are addressed in the Provisions in various ways. Defects, such as stress concentrations and
flaws in welds, also affect earthquake resistance as demonstrated in the Northridge earthquake. The basic
and applied research program that grew out of that experience has greatly increased knowledge of how to
avoid low ductility details in steel construction. Capacities and design and detailing rules for seismic
design of hot-rolled structural steel are found in the Seismic Provisions for Structural Steel Buildings
(American Institute of Steel Construction (AISC) Standard 341) and similar provisions for cold-formed
steel are found in the “Lateral Design” supplement to the North American Specification for the Design of
Cold-Formed Steel Structures published by AISI (American Iron and Steel Institute).

2.2.3.1 Reinforced Concrete. Reinforced concrete achieves ductility through careful limits on steel in
tension and concrete in compression. Reinforced concrete beams with common proportions can possess
ductility under monotonic loading even greater than common steel beams; in which local buckling is
usually a limiting factor. Providing stability of the resistance to reversed inelastic strains, however,
requires special detailing. Thus, there is a wide range of reduction factors from elastic response to design
response depending on the detailing for stable and assured resistance. The Commentary and the
commentary with the ACI 318 standard Building Code Requirements for Structural Concrete explain how
to design to control premature shear failures in members and joints, buckling of compression bars,
concrete compression failures (through confinement with transverse reinforcement), the sequence of
plastification and other factors, which can lead to large reductions from the elastic response.

2.2.3.1 Masonry. Masonry is a more complex material than those mentioned above and less is known
about its inelastic response characteristics. For certain types of members (such as pure cantilever shear
walls), reinforced masonry behaves in a fashion similar to reinforced concrete. The nature of masonry
construction, however, makes it difficult, if not impossible, to take some of the steps (e.g., confinement of
compression members) used with reinforced concrete to increase ductility, and stability. Further, the
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discrete differences between mortar, grout and the masonry unit create additional failure phenomena.
Thus, the response reduction factors for design of reinforced masonry are not quite as large as those for
reinforced concrete. Unreinforced masonry possesses little ductility or stability, except for rocking of
masonry piers on a firm base and very little reduction from the elastic response is permitted. Capacities
and design and detailing rules for seismic design of masonry elements are contained within The Masonry
Society (TMS) 402 standard Building Code Requirements for Masonry Structures.

2.2.3.1 Precast Concrete. Precast concrete obviously can behave quite similarly to reinforced concrete
but it also can behave quite differently. The connections between pieces of precast concrete commonly
are not as strong as the members being connected. Clever arrangements of connections can create
systems in which yielding under earthquake motions occurs away from the connections, in which case the
similarity to reinforced concrete is very real. Some carefully detailed connections also can mimic the
behavior of reinforced concrete. Many common connection schemes, however, will not do so.

Successful performance of such systems requires that the connections perform in a ductile manner. This
requires some extra effort in design but it can deliver successful performance. As a point of reference, the
most common wood seismic resisting systems perform well yet have connections (nails) that are
significantly weaker than the connected elements (structural wood panels). The Provisions includes
guidance, some only for trial use and comment (Part 3), for seismic design of precast structures. ACI 318
also includes provisions for precast concrete elements resisting seismic forces, and there are also
supplemental ACI standards for specialized seismic force-resisting systems of precast concrete.

2.2.3.1 Composite Steel and Concrete. Reinforced concrete is a composite material. In the context of
the Provisions, composite is a term reserved for structures with elements consisting of structural steel and
reinforced concrete acting in a composite manner. These structures generally are an attempt to combine
the most beneficial aspects of each material. Capacities and design and detailing rules are found in the
Seismic Provisions for Structural Steel Buildings (AISC Standard 341).

2.2.4 Building Systems

Three basic lateral-load-resisting elements — walls, braced frames and unbraced frames (moment resisting
frames) — are used to build a classification of structural types in the Provisions. Unbraced frames
generally are allowed greater reductions from elastic response than walls and braced frames. In part, this
is because frames are more redundant, having several different locations with approximately the same
stress levels and common beam-column joints frequently exhibit an ability to maintain a stable response
through many cycles of reversed inelastic deformations. Systems using connection details that have not
exhibited good ductility and toughness, such as unconfined concrete and the welded steel joint used
before the Northridge earthquake, are penalized: the R factors permit less reduction from elastic
response.

Connection details often make development of ductility difficult in braced frames, and buckling of
compression members also limits their inelastic response. The actual failure of steel bracing often occurs
because local buckling associated with overall member buckling frequently leads to locally high strains
that then lead to brittle fracture when the member subsequently approaches yield in tension. Eccentrically
braced steel frames and new proportioning and detailing rules for concentrically braced frames have been
developed to overcome these shortcomings. But the newer and potentially more popular bracing system
is the buckling-restrained braced frame. This new system has the advantages of a special steel
concentrically braced frame, but with performance that is superior as brace buckling is controlled to
preserve ductility. Design provisions appear in the Seismic Provisions for Structural Steel Buildings
(AISC Standard 341).
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Shear walls that do not bear gravity load are allowed a greater reduction than walls that are load bearing.
Redundancy is one reason; another is that axial compression generally reduces the flexural ductility of
concrete and masonry elements (although small amounts of axial compression usually improve the
performance of materials weak in tension, such as masonry and concrete). The 2010 earthquake in Chile
is expected to lead to improvements in understanding and design of reinforced concrete shear wall
systems because of the large number of significant concrete shear wall buildings subjected to strong
shaking in that earthquake. Systems that combine different types of elements are generally allowed
greater reductions from elastic response because of redundancy.

Redundancy is frequently cited as a desirable attribute for seismic resistance. A quantitative measure of
redundancy is included in the Provisions in an attempt to prevent use of large reductions from elastic
response in structures that actually possess very little redundancy. Only two values of the redundancy
factor, p, are defined: 1.0 and 1.3. The penalty factor of 1.3 is placed upon systems that do not possess
some elementary measures of redundancy based on explicit consideration of the consequence of failure of
a single element of the seismic force-resisting system. A simple, deemed-to-comply exception is
provided for certain structures.

2.2.5 Supplementary Elements Added to Improve Structural Performance

The Standard includes provisions for the design of two systems to significantly alter the response of the
structure to ground shaking. Both have specialized rules for response analysis and design detailing.

Seismic isolation involves placement of specialized bearings with low lateral stiffness and large lateral
displacement capacity between the foundation and the superstructure. It is used to substantially increase
the natural period of vibration and thereby decrease the acceleration response of the structures. (Recall
the shape of the response spectrum in Figure 2.2-4; the acceleration response beyond a threshold period is
roughly proportional to the inverse of the period). Seismic isolation is becoming increasingly common
for structures in which superior performance is necessary, such as major hospitals and emergency
response centers. Such structures are frequently designed with a stiff superstructure to control story drift,
and isolation makes it feasible to design such structures for lower total lateral force. The design of such
systems requires a conservative estimate of the likely deformation of the isolator. The early provisions
for that factor were a precursor of the changes in ground motion mapping implemented in the 1997
Provisions.

Added damping involves placement of specialized energy dissipation devices within stories of the
structure. The devices can be similar to a large shock absorber, but other technologies are also available.
Added damping is used to reduce the structural response, and the effectiveness of increased damping can
be seen in Figure 2.2-3. It is possible to reach effective damping levels of 20 to 30 percent of critical
damping, which can reduce response by factors of 2 or 3. The damping does not have to be added in all
stories; in fact, it is common to add damping at the isolator level of seismically isolated buildings.

Isolation and damping elements require extra procedures for analysis of seismic response. Both also
require considerations beyond common building construction to assure quality and durability.

2.3 ENGINEERING PHILOSOPHY

The Commentary, under “Intent,” states:

”The primary intent of the NEHRP Recommended Seismic Provisions for normal
buildings and structures is to prevent serious injury and life loss caused by damage
from earthquake ground shaking. Most earthquake injuries and deaths are caused by
structural collapse. Thus, the main thrust of the Provisions is to prevent collapse for
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very rare and intense ground motion, termed the maximum considered earthquake
(MCE) motion...Falling exterior walls and cladding, and falling ceilings, light fixtures,
pipes, equipment and other nonstructural components also cause deaths and injuries.”

The Provisions states:

“The degree to which these goals can be achieved depends on a number of factors
including structural framing type, building configuration, materials, as-built details and
overall quality of design. 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 the intent.”

At this point it is worth recalling the criteria mentioned earlier in describing the risk-targeted ground
motions used for design. The probability of structural collapse due to ground shaking is not zero. One
percent in 50 years is actually a higher failure rate than is currently considered acceptable for buildings
subject to other natural loads, such as wind and snow. The reason is as stated in the quote at the
beginning of this chapter “...all the wealth of the world would prove insufficient...” Damage is to be
expected when an earthquake equivalent to the design earthquake occurs. (The “design earthquake” is
currently taken as two-thirds of the MCE ground motion). Some collapse is to be expected when and
where ground motion equivalent to the MCE ground motion occurs.

The basic structural criteria are strength, stability and distortion. The yield-level strength provided must
be at least that required by the design spectrum (which is reduced from the elastic spectrum as described
previously). Structural elements that cannot be expected to perform in a ductile manner are to have
greater strength, which is achieved by applying the Qo amplifier to the design spectral response. The
stability criterion is imposed by amplifying the effects of lateral forces for the destabilizing effect of
lateral translation of the gravity weight (the P-delta effect). The distortion criterion is a limit on story
drift and is calculated by amplifying the linear response to the (reduced) design spectrum by the factor Cyq
to account for inelastic behavior.

Yield-level strengths for steel and concrete structures are easily obtained from common design standards.
The most common design standards for timber and masonry are based on allowable stress concepts that
are not consistent with the basis of the reduced design spectrum. Although strength-based standards for
both materials have been introduced in recent years, the engineering profession has not yet embraced
these new methods. In the past, the Provisions stipulated adjustments to common reference standards for
timber and masonry to arrive at a strength level equivalent to yield, and compatible with the basis of the
design spectrum. Most of these adjustments were simple factors to be applied to conventional allowable
stresses. With the deletion of these methods from the Provisions, other methods have been introduced into
model building codes, and the ASCE standard Minimum Design Loads for Buildings and Other Structures
to factor downward the seismic load effects based on the Provisions for use with allowable stress design
methods.

The Provisions recognizes that the risk presented by a particular building is a combination of the seismic
hazard at the site and the consequence of failure, due to any cause, of the building. Thus, a classification
system is established based on the use and size of the building. This classification is called the
Occupancy Category (Risk Category in the Standard). A combined classification called the Seismic
Design Category (SDC) incorporates both the seismic hazard and the Occupancy Category. The SDC is
used throughout the Provisions for decisions regarding the application of various specific requirements.
The flow charts in Chapter 2 illustrate how these classifications are used to control application of various
portions of the Provisions.
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2.4 STRUCTURAL ANALYSIS

The Provisions sets forth several procedures for determining the force effect of ground shaking.
Analytical procedures are classified by two facets: linear versus nonlinear and dynamic versus equivalent
static. The two most fully constrained and frequently used are both linear methods: an equivalent static
force procedure and a dynamic modal response spectrum analysis procedure. A third linear method, a full
history of dynamic response (previously referred to as a time-history analysis, now referred to as a
response-history analysis), and a nonlinear method are also permitted, subject to certain limitations.
These methods use real or synthetic ground motions as input but require them to be scaled to the basic
response spectrum at the site for the range of periods of interest for the structure in question. Nonlinear
analyses are very sensitive to assumptions about structural behavior made in the analysis and to the
ground motions used as input, and a peer review is required. A nonlinear static method, also known as a
pushover analysis, is described in Part 3 of the Provisions, but it is not included in the Standard. The
Provisions also reference ASCE 41, Seismic Rehabilitation of Existing Buildings, for the pushover
method. The method is instructive for understanding the development of mechanisms but there is
professional disagreement over its utility for validating a structural design.

The two most common linear methods make use of the same design spectrum. The reduction from the
elastic spectrum to design spectrum is accomplished by dividing the elastic spectrum by the coefficient R,
which ranges from 1-1/4 to 8. Because the design computations are carried out with a design spectrum
that is two-thirds the MCE spectrum that means the full reduction from elastic response ranges from 1.9
to 12. The specified elastic spectrum is based on a damping level at 5 percent of critical damping, and a
part of the R factor accomplishes adjustments in the damping level. Ductility and overstrength make up
the larger part of the reduction. The Provisions define the total effect of earthquake actions as a
combination of the response to horizontal motions (or forces for the equivalent static force method) with
response to vertical ground acceleration. The response to vertical ground motion is roughly estimated as
a factor (positive or negative) on the dead load force effect. The resulting internal forces are combined
with the effects of gravity loads and then compared to the full strength of the members, reduced by a
resistance factor, but not by a factor of safety.

With the equivalent static force procedure, the level of the design spectrum is set by determining the
appropriate values of basic seismic acceleration, the appropriate soil profile type and the value for R. The
particular acceleration for the building is determined from this spectrum by selecting a value for the
natural period of vibration. Equations that require only the height and type of structural system are given
to approximate the natural period for various building types. (The area and length of shear walls come
into play with an optional set of equations.) Calculation of a period based on an analytical model of the
structure is encouraged, but limits are placed on the results of such calculations. These limits prevent the
use of a very flexible model in order to obtain a large period and correspondingly low acceleration. Once
the overall response acceleration is found, the base shear is obtained by multiplying it by the total
effective mass of the building, which is generally the total permanent load.

Once the total lateral force is determined, the equivalent static force procedure specifies how this force is
to be distributed along the height of the building. This distribution is based on the results of dynamic
studies of relatively uniform buildings and is intended to give an envelope of shear force at each level that
is consistent with these studies. This set of forces will produce, particularly in tall buildings, an envelope
of gross overturning moment that is larger than many dynamic studies indicate is necessary. Dynamic
analysis is encouraged, and the modal procedure is required for structures with large periods (essentially
this means tall structures) in the higher seismic design categories.

With one exception, the remainder of the equivalent static force analysis is basically a standard structural
analysis. That exception accounts for uncertainties in the location of the center of mass, uncertainties in
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the strength and stiffness of the structural elements and rotational components in the basic ground
shaking. This concept is referred to as horizontal torsion. The Provisions requires that the center of force
be displaced from the calculated center of mass by an arbitrary amount in either direction (this torsion is
referred to as accidental torsion). The twist produced by real and accidental torsion is then compared to a
threshold and if the threshold is exceeded, the accidental torsion must be amplified.

In many respects, the modal analysis procedure is very similar to the equivalent static force procedure.
The primary difference is that the natural period and corresponding deflected shape must be known for
several of the natural modes of vibration. These are calculated from a mathematical model of the
structure. The procedure requires inclusion of enough modes so that the dynamic response of the
analytical model captures at least 90 percent of the mass in the structure that can vibrate. The base shear
for each mode is determined from a design spectrum that is essentially the same as that for the static
procedure. The distribution of displacements and accelerations (forces) and the resulting story shears,
overturning moments and story drifts are determined for each mode directly from the procedure. Total
values for subsequent analysis and design are determined by taking the square root of the sum of the
squares for each mode. This summation gives a statistical estimate of maximum response when the
participation of the various modes is random. If two or more of the modes have very similar periods,
more advanced techniques for summing the values are required; these procedures must account for
coupling in the response of close modes. The sum of the absolute values for each mode is always
conservative.

A lower limit to the base shear determined from the modal analysis procedure is specified based on the
static procedure, and the approximate periods specified in the static procedure. When this limit is
violated, which is common, all results are scaled up in direct proportion. The consideration of horizontal
torsion is the same as for the static procedure. Because the equivalent static forces applied at each floor,
the story shears and the overturning moments are separately obtained from the summing procedure, the
results are not statically compatible (that is, the moment calculated from the summed floor forces will not
match the moment from the summation of moments). Early recognition of this will avoid considerable
problems in later analysis and checking.

For structures that are very uniform in a vertical sense, the two procedures give very similar results. The
modal analysis method is better for buildings having unequal story heights, stiffnesses, or masses. The
modal procedure is required for such structures in higher seismic design categories. Both methods are
based on purely elastic behavior, and, thus, neither will give a particularly accurate picture of behavior in
an earthquake approaching the design event. Yielding of one component leads to redistribution of the
forces within the structural system; while this may be very significant, none of the linear methods can
account for it.

Both of the common methods require consideration of the stability of the building as a whole. The
technique is based on elastic amplification of horizontal displacements created by the action of gravity on
the displaced masses. A simple factor is calculated and the amplification is provided for in designing
member strengths when the amplification exceeds about 10 percent. The technique is referred to as the P-
delta analysis and is only an approximation of stability at inelastic response levels.

2.5 NONSTRUCTURAL ELEMENTS OF BUILDINGS

Severe ground shaking often results in considerable damage to the nonstructural elements of buildings.
Damage to nonstructural elements can pose a hazard to life in and of itself, as in the case of heavy
partitions or facades, or it can create a hazard if the nonstructural element ceases to function, as in the
case of a fire suppression system. Some buildings, such as hospitals and fire stations, need to be
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functional immediately following an earthquake; therefore, many of their nonstructural elements must
remain undamaged.

The Provisions treats damage to and from nonstructural elements in three ways. First, indirect protection
is provided by an overall limit on structural distortion; the limits specified, however, may not offer
enough protection to brittle elements that are rigidly bound by the structure. More restrictive limits are
placed upon those Occupancy Categories (Risk Categories in the Standard) for which better performance
is desired given the occurrence of strong ground shaking. Second, many components must be anchored
for an equivalent static force. Third, the explicit design of some elements (the elements themselves, not
just their anchorage) to accommaodate specific structural deformations or seismic forces is required.

The dynamic response of the structure provides the dynamic input to the nonstructural component. Some
components are rigid with respect to the structure (light weights, and small dimensions often lead to
fundamental periods of vibration that are very short). Application of the response spectrum concept
would indicate that the response history of motion of a building roof to which mechanical equipment is
attached looks like a ground motion to the equipment. The response of the component is often amplified
above the response of the supporting structure. Response spectra developed from the history of motion of
a point on a structure undergoing ground shaking are called floor spectra, and are useful in understanding
the demands upon nonstructural components.

The Provisions simplifies the concept greatly. The force for which components are checked depends on:
1. The component mass;

2. An estimate of component acceleration that depends on the structural response acceleration for
short period structures, the relative height of the component within the structure and a crude
approximation of the flexibility of the component or its anchorage;

3. The available ductility of the component or its anchorage; and
4. The function or importance of the component or the building.

Also included in the Provisions is a quantitative measure for the deformation imposed upon nonstructural
components. The inertial force demands tend to control the seismic design for isolated or heavy
components whereas the imposed deformations are important for the seismic design for elements that are
continuous through multiple levels of a structure or across expansion joints between adjacent structures,
such as cladding or piping.

2.6 QUALITY ASSURANCE

Since strong ground shaking has tended to reveal hidden flaws or weak links in buildings, detailed
requirements for assuring quality during construction are contained in the Provisions by reference to the
Standard, where they are located in an appendix. The actively implemented provisions for quality control
are actually contained in the model building codes, such as the International Building Code, and the
material design standards, such as Seismic Provisions for Structural Steel Buildings. Loads experienced
during construction provide a significant test of the likely performance of ordinary buildings under
gravity loads. Tragically, mistakes occasionally will pass this test only to cause failure later, but it is
fairly rare. No comparable proof test exists for horizontal loads, and experience has shown that flaws in
construction show up in a disappointingly large number of buildings as distress and failure due to
earthquakes. This is coupled with the seismic design approach based on excursions into inelastic
straining, which is not the case for response to other loads.

2-19



FEMA P-1051, NEHRP Recommended Provisions: Design Examples

The quality assurance provisions require a systematic approach with an emphasis on documentation and
communication. The designer who conceives the systems to resist the effects of earthquake forces must
identify the elements that are critical for successful performance as well as specify the testing and
inspection necessary to confirm that those elements are actually built to perform as intended. Minimum
levels of testing and inspection are specified in the Provisions for various types of systems and
components.

The Provisions also requires that the contractor and building official be aware of the requirements
specified by the designer. Furthermore, those individuals who carry out the necessary inspection and
testing must be technically qualified, and must communicate the results of their work to all concerned
parties. In the final analysis, there is no substitute for a sound design, soundly executed.
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Chapter 3: Earthquake Ground Motion

Most of the effort in seismic design of buildings and other structures is focused on structural design. This
chapter addresses another key aspect of the design process—characterization of earthquake ground
motion into parameters for use in design. Section 3.1 describes the basis of the earthquake ground motion
maps in the Provisions and in ASCE 7 (the Standard). Section 3.2 has examples for the determination of
ground motion parameters and spectra for use in design. Section 3.3 describes site-specific ground
motion requirements and provides example site-specific design and MCEr response spectra and example
values of site-specific ground motion parameters. Section 3.4 discusses and provides an example for the
selection and scaling of ground motion records for use in various types of response history analysis
permitted in the Standard.

3.1 BASIS OF EARTHQUAKE GROUND MOTION MAPS

This section explains the basis of the maps of (i) Risk-Targeted Maximum Considered Earthquake
(MCER) ground motion, (ii) Peak Ground Acceleration (PGA), and (iii) long-period transition period (T.)
in the 2015 Provisions and ASCE 7-16. The MCEr and PGA maps for the conterminous US have been
updated with respect to those in ASCE 7-10, and the MCEr and PGA maps for Guam and the Northern
Mariana Islands, and for American Samoa, are new. The T, maps for all of the US territories are identical
to those in ASCE 7-10. This section also explains the basis for the vertical ground motion equations the
Standard requires be used in the design of certain non-building structures. For comparison purposes, we
start with a review of the Maximum Considered Earthquake (MCE) ground motion maps in ASCE 7-05
and earlier editions, which were first introduced in the 1997 Provisions.

3.1.1 MCE Ground Motion Intensity Maps in ASCE 7-05 and Earlier Editions

The basis for the MCE ground motion intensity maps in ASCE 7-05 and earlier editions was established
by the Building Seismic Safety Council (BSSC) Seismic Design Procedures Group, also referred to as
Project ’97. The maps can be described as applications of the site-specific ground motion hazard analysis
procedure in Chapter 21, using ground motion values computed by the USGS National Seismic Hazard
Modeling Project for a grid of locations and/or polygons that covers the US. In particular, the 1996
USGS update of the ground motion intensity values was used for ASCE 7-98 and ASCE 7-02, and the
2002 USGS update was used for ASCE 7-05. The site-specific procedure in all three editions calculates
the MCE ground motion intensity as the lesser of a probabilistic and a deterministic ground motion
intensities. Hence, the USGS computed both types of ground motion intensities, whereas otherwise it
would have only computed probabilistic ground motion intensities. Brief reviews of how the USGS
computed the probabilistic and deterministic ground motions are provided in the next few paragraphs.
For additional information, see the commentary of the 1997 Provisions (FEMA 303) and Leyendecker et
al. (2000).

The USGS computation of the probabilistic ground motion intensities that are part of the basis of the
MCE ground motion intensity maps in ASCE 7-98/02 and ASCE 7-05 is explained in detail in Frankel et
al. (1996) and (2002), respectively. In short, the USGS combines research on potential sources of
earthquakes (e.g., faults and locations of past earthquakes), the potential magnitudes of earthquakes from
these sources and their frequencies of occurrence, and the potential ground motions generated by these
earthquakes. Uncertainty and randomness in each of these components is accounted for in the
computation via contemporary Probabilistic Seismic Hazard Analysis (PSHA), which was originally
conceived by Cornell (1968). The primary output of PSHA computations are hazard curves for locations
on a grid covering the US in the case of the USGS computation. Each hazard curve provides mean annual
frequencies of exceeding various user-specified ground motions intensity amplitudes. From these hazard
curves, the ground motion amplitudes for a user-specified mean annual frequency can be interpolated and
then mapped. The results are known as uniform-hazard ground motion maps, since the mean annual
frequency (or corresponding probability) is uniform geographically.
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For ASCE 7-05 and the earlier editions, a mean annual exceedance frequency of 12,475 per year,
corresponding to 2% probability of exceedance in 50 years, was specified by the BSSC Project *97. That
project also specified that the ground motion intensity parameters be spectral response accelerations at
vibration periods of 0.2 seconds and 1 second, for 5% of critical damping for the average shear wave
velocity at small shear strains in the upper 100 feet (30 m) of subsurface below each location (vss0)based
on a reference value of 760 m/s. The BSSC subsequently decided to regard this reference value, which is
at the boundary of Site Classes B and C, as corresponding to Site Class B. Justifications for the decisions
summarized in this paragraph are provided in the FEMA 303 Commentary.

The USGS computation of the deterministic ground motion intensities for ASCE 7-05 and the earlier
editions is detailed in the FEMA 303 Commentary. As defined by Project *97 and subsequently specified
in the site-specific procedure of ASCE 7-98/02/05 (Section 21.2.2), each deterministic ground motion is
calculated as 150% of the median spectral response acceleration for a characteristic earthquake on a
known active fault within the region. The specific characteristic earthquake is that which generates the
largest median spectral response acceleration at the given location. As for the probabilistic ground
motions, the spectral response accelerations are at vibration periods of 0.2 seconds and 1 second, for 5%
of critical damping. The same reference site class is used as well. Lower limits of 1.5g for the vibration
period of 0.2 seconds and 0.6g for the vibration period of 1 second are applied to the deterministic ground
motions.

As mentioned at the beginning of this section, the lesser of the probabilistic and deterministic ground
motions described above yields the MCE ground motions mapped in ASCE 7-05 and the earlier editions.
Thus, the MCE spectral response accelerations at 0.2 seconds and 1 second are equal to the corresponding
probabilistic ground motions wherever they are less than the lower limits of the deterministic ground
motions (1.5g and 0.6g, respectively). Where the probabilistic ground motions are greater than the lower
limits, the deterministic ground motions sometimes govern, but only if they are less than their
probabilistic counterparts. On the MCE ground motion maps in ASCE 7-05, the deterministic ground
motions govern mainly near major faults in California (like the San Andreas), in Reno and in parts of the
New Madrid Seismic Zone. The deterministic ground motions that govern are as small as 40% of their
probabilistic counterparts.

3.1.2 MCERr Ground Motions Introduced in the 2009 Provisions and ASCE 7-10

Like the MCE ground motion maps in ASCE 7-05 and earlier editions, the Risk-Targeted Maximum
Considered Earthquake (MCERg) ground motions in the Provisions since 2009 and in ASCE 7 since 2010
can be described as applications of the site-specific ground motion hazard analysis procedure in Chapter
21 (Section 21.2). The ground motion values for a grid of locations and/or polygons covering the US that
are used in the procedure are still from the USGS, and the site-specific procedure still calculates the
MCEr ground motion as the lesser of a probabilistic and a deterministic ground motion. However, the
definitions of the probabilistic and deterministic ground motions are different than in ASCE 7-05 and
earlier editions. The definitions were revised for the 2009 Provisions and ASCE 7-10 by the BSSC
Seismic Design Procedures Reassessment Group, also referred to as Project ’07. Three revisions were
made:

1) The probabilistic ground motions are redefined as risk-targeted ground motion intensities, in lieu
of the uniform-hazard (2% in 50-year) ground motions that underlie the MCE ground motion
maps in ASCE 7-05 and earlier editions,

2) the deterministic ground motions are redefined as 84'""-percentile ground motions, in lieu of
median ground motions multiplied by 1.5; and
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3) the probabilistic and deterministic ground motions are redefined as maximum-direction ground
motions, in lieu of geometric mean ground motions.

Each of the above three differences between the basis of the MCE and MCEg ground motion maps is
explained in the subsections below. In addition to these differences, the MCEg ground motions in the
2009 Provisions and ASCE 7-10 use USGS ground motion values from its 2008 update (Petersen et al.,
2008), whereas earlier updates (2002 and 1996) were used for the MCE ground motion maps in ASCE 7-
05 and earlier editions. The USGS ground motion values used for the 2015 Provisions and ASCE 7-16
are discussed below in Section 3.1.6.

3.1.2.1 Risk-Targeted Probabilistic Ground Motion Intensities. For the MCE ground motion maps in
ASCE 7-05 and earlier editions the underlying probabilistic ground motions are specified to be uniform-
hazard ground motions that have a 2% probability of being exceeded in 50 years. It has long been
recognized, though, that “it really is the probability of structural failure with resultant casualties that is of
concern; and the geographical distribution of that probability is not necessarily the same as the
distribution of the probability of exceeding some ground motion” (p. 296 of ATC 3-06, 1978). The
primary reason that the distributions of the two probabilities are not the same is that there are geographic
differences in the shape of the hazard curves from which uniform-hazard ground motions are read. The
Commentary of FEMA 303 (p. 289) reports that “because of these differences, questions were raised
concerning whether definition of the ground motion based on a constant probability for the entire United
States would result in similar levels of seismic safety for all structures”.

The changeover to risk-targeted probabilistic ground motions introduced in the 2009 Provisions and
ASCE 7-10 takes into account the differences in the shape of hazard curves across the US. Where used in
design, the risk-targeted ground motions are expected to result in buildings with a geographically uniform
mean annual frequency of collapse, or uniform risk. The BSSC Project *07 decided on a target risk level
corresponding to 1% probability of collapse in 50 years. This target is based on the average of the mean
annual frequencies of collapse across the Western US (WUS) expected to result from design for the
probabilistic ground motion intensities in ASCE 7-05. Consequently, in the WUS the risk-targeted ground
motions are generally within 15% of the corresponding uniform-hazard (2% in 50-year) ground motions.
In the Central and Eastern US, where the shapes of hazard curves are known to differ from those in the
WUS, the risk-targeted ground motions generally are smaller. For instance, in the New Madrid Seismic
Zone and near Charleston, South Carolina ratios of risk-targeted to uniform-hazard ground motions are as
small as 0.7.

The computation of risk-targeted probabilistic ground motions for the MCEr ground motion intensities is
detailed in the 2009 Provisions Part 1 Sections 21.2.1.2 and C21.2.1 and in Luco et al. (2007). While the
computation of the risk-targeted ground motion intensities is different than that of the uniform-hazard
ground motion intensities specified for the MCE ground motion intensities in ASCE 7-05 and earlier
editions, both begin with USGS computations of hazard curves. As explained in Section 3.1.1, the
uniform-hazard ground motion intensities simply interpolate the hazard curves for a 2% probability of
exceedance in 50 years. In contrast, the risk-targeted ground motion intensities make use of entire hazard
curves resulting in MCEr values that have different return periods throughout the country. In either case,
the end results are probabilistic spectral response accelerations at 0.2 seconds and 1 second, for 5% of
critical damping and the reference site class.

3.1.2.2 84"-Percentile Deterministic Ground Motion Intensities. For the MCE ground motion
intensity maps in ASCE 7-05 and earlier editions, recall (from Section 3.1.1) that the underlying
deterministic ground motions are defined as 150% of median spectral response accelerations. As
explained in the FEMA 303 Commentary (p. 296),

Increasing the median ground motion estimates by 50 percent [was] deemed to provide an
appropriate margin and is similar to some deterministic estimates for a large magnitude
characteristic earthquake using ground motion attenuation functions with one standard deviation.
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Estimated standard deviations for some active fault sources have been determined to be higher
than 50 percent, but this increase in the median ground motions was considered reasonable for
defining the maximum considered earthquake ground motions for use in design.

For the MCEr ground motion intensities introduced in the 2009 Provisions and ASCE 7-10, however, the
BSSC decided to directly define the underlying deterministic ground motion intensities as those at the
level of one standard deviation. More specifically, they are defined as 84™-percentile ground motion
intensities, since it has been widely observed that ground motion intensities follow lognormal probability
distributions. The remainder of the definition of the deterministic ground motion intensities remains the
same as that used for the MCE ground motion intensity maps in ASCE 7-05 and earlier editions. For
example, the lower limits of 1.5g and 0.6g described in Section 3.1.1 are retained.

The USGS applies a simplification specified by the BSSC in computing the 84™"-percentile deterministic
ground motion intensities. The 84"-percentile spectral response accelerations are approximated as 180%
of median values. This approximation corresponds to a logarithmic ground motion intensity standard
deviation of approximately 0.6, as demonstrated in the 2009 Provisions Part 1 Section C21.2.2. The
computation of deterministic ground motions is further described in the 2009 Provisions Part 2 Section
Cc21.2.2.

3.1.2.3 Maximum-Direction Probabilistic and Deterministic Ground Motion Intensities. The ground
motion intensity attenuation models used by the USGS in computing the MCE spectral response
accelerations in ASCE 7-05 and earlier editions represent the geometric mean of two horizontal
components of ground motion intensity. Most users were unaware of this fact, particularly since the
discussion notes on the MCE ground motion maps incorrectly stated that they represent “the random
horizontal component of ground motion.” Starting with the 2009 Provisions, the BSSC decided that it
would be an improvement if the MCEg ground motions represented the maximum direction of horizontal
spectral response acceleration. Reasons for this decision are explained in the 2009 Provisions Part 1
Section C21.2.

Since the attenuation models used in computing the MCEr ground motions represent “geomean” spectral
response accelerations, the BSSC provided factors to convert approximately to “maximum-direction”
ground motions. Based on research by Huang et al. (2008) and others, the factors are 1.1 and 1.3 for the
spectral response accelerations at 0.2 seconds and 1.0 second, respectively. The basis for these factors is
elaborated upon in the 2009 Provisions Part 1 Section C21.2. They are applied to both the USGS
probabilistic hazard curves from which the risk-targeted ground motions (described in Section 3.1.2.1) are
derived and the deterministic ground motions computed by the USGS (described in Section 3.1.2.2).
However, they are not applied to the deterministic ground motion intensity lower limit values of 1.5 and
0.6. The site-specific ground motion hazard analysis procedure of ASCE 7-10 and ASCE 7-16 (Section
21.2) allows for “other scale factors [that can be shown to] more closely represent the maximum
response,” such as those in Part 3 of the 2015 Provisions.

3.1.3 PGA Maps Introduced in the 2009 Provisions and ASCE 7-10

The basis of the Peak Ground Acceleration (PGA) maps in the Provisions since 2009 and in ASCE 7
since 2010 nearly parallels that of the MCE ground motion intensity maps in ASCE 7-05 and earlier
editions (described in Section 3.1.1). More specifically, the mapped PGA values are calculated as the
lesser of uniform-hazard (2% in 50-year) probabilistic and deterministic PGA values that represent the
geometric mean of two horizontal components of ground motion, for Site Class B. Correspondingly, the
PGA maps are labeled “Maximum Considered Earthquake Geometric Mean (MCEg) PGA” maps, in
contrast to the MCERr abbreviation. Unlike the MCE ground motion intensities in ASCE 7-05 and earlier
editions, though, the deterministic values are defined as 84"-percentile ground motions rather than 150%
of median ground motions. This definition of deterministic ground motion intensities parallels that which
is described above for the MCERr ground motion intensities that were also first introduced in the 2009
Provisions and ASCE 7-10. The deterministic PGA values, though, are stipulated to be no lower than
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0.5¢, as opposed to 1.5g and 0.6g for the MCERg 0.2- and 1.0-second spectral response accelerations,
respectively. All of these details of the basis of the PGA maps are provided in the site-specific procedure
(Section 21.5) of ASCE 7-10, the 2015 Provisions, and ASCE 7-16. For mapping purposes, the 84"-
percentile deterministic PGA values are approximated as median values multiplied by 1.8, like their
MCEr ground motion counterparts are. Also like the MCEr ground motion maps, the PGA maps in the
2009 Provisions and ASCE 7-10 use USGS ground motion values from its 2008 update (Petersen et al.,
2008).

3.1.4 Long-Period Transition Period (7.) Maps Introduced in ASCE 7-05

The basis for the T, maps in the Provisions and ASCE 7, which were first introduced in ASCE 7-05, was
established by the Technical Subcommittee 1 (TS-1) of the 2003 Provisions Update Committee. The
details of the procedure and rationale used in developing the T. maps are found in Crouse et al. (2006). In
short, the procedure consisted of two steps. First, a relationship between T, and earthquake magnitude
was established. Second, the modal magnitude from deaggregation of the USGS 2% in 50-year ground
motion hazard at a 2-second period (1 second for Hawaii) was mapped. The long-period transition period
(TL) maps that combined these two steps delimit the transition of the design response spectrum from a
constant velocity (1/T) to a constant displacement (1/T?) shape.

3.1.5 Vertical Ground Motions Introduced in the 2009 Provisions

For the design of most structures vertical seismic load effects are determined via a single constant fraction
of the horizontal short-period spectral response acceleration Sps. The Standard requires that for certain
types of nonbuilding structures, a vertical design response spectrum, Say, be determined that is analogous
to the horizontal design response spectrum, S, and used in the structure’s design. The Sa values are
determined via functions (for four different ranges of vertical period of vibration) that each depend on Sps
and a coefficient C, representing the ratio of vertical to horizontal spectral response acceleration. This is
in contrast to determination of S, via mapped horizontal spectral response accelerations. The coefficient
C., in turn, depends on the amplitude of spectral response acceleration (by way of Ss) and site class.
These dependencies, as well as the period dependence of the equations for S,y, are based on studies by
Bozorgnia and Campbell (2004) and others. Those studies observed that the ratio of vertical to horizontal
spectral response acceleration is sensitive to period of vibration, site class, earthquake magnitude (for
relatively soft sites) and distance to the earthquake. The sensitivity to the latter two characteristics is
captured by the dependence of C, on Ss.

The basis of the equations for vertical response spectra in the Standard is explained in more detail in the
commentary to Section 11.9. Note that for vertical periods of vibration greater than 2 seconds, Section
11.9stipulates that the vertical spectral response accelerations be determined via a site-specific procedure.
A site-specific study also may be performed for periods less than 2 seconds, in lieu of using the equations
for vertical response spectra.

3.1.6 Updated MCEg Ground Motion and PGA Maps in the 2015 Provisions and ASCE 7-16
The MCEr ground motion intensity and PGA maps in the 2015 Provisions and ASCE 7-16 have been
prepared via the same procedures applied for ASCE 7-10 (as described above in Section 3.1.2). However,
the ground motion intensity values used in the procedures are from the 2014 USGS update of its National
Seismic Hazard Model. The 2014 USGS update is documented in Petersen et al. (2014) and supersedes
the 1996, 2002, and 2008 USGS ground motion values. It involved interactions with hundreds of
scientists and engineers at regional and topical workshops, including advice from working groups, expert
panels, state geological surveys, other federal agencies and hazard experts from industry and academia.
Based in large part on new published studies, the 2014 update incorporated changes in both earthquake
source models (including magnitudes and occurrence frequencies) and models of ground motion
propagation. Three examples, among many, are Version 3 of the Unified California Earthquake Rupture
Forecast (Field et al., 2013), the Central and Eastern US Seismic Source Characterization for Nuclear
Facilities (CEUS-SSCn, 2012), and Version 2 of the Next Generation Attenuation Relations for the
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Western US (Bozorgnia et al., 2014). The end results are updated ground motions that represent the “best
available science” as determined by the USGS from an extensive information-gathering and review
process. It is important to note that the USGS hazard curves and uniform-hazard maps posted on its
website represent the “geomean” ground motions discussed above in Section 3.1.2.3. Only the MCERr
ground motions represent the maximum direction of horizontal spectral response acceleration.

In addition to using the 2014 USGS update, the MCERr ground motion maps in the 2015 Provisions and
ASCE 7-16 use a so-called g, the collapse-fragility logarithmic standard deviation, value for calculating
risk-targeted probabilistic ground motion intensities that is consistent with the Chapter 22 site-specific
hazard analysis procedure, namely #=0.6. In contrast, the MCEr ground motion intensity maps in ASCE
7-10 used a value of g from the 2009 Provisions, namely £=0.8. For more information on £ see Part 1
Sections 21.2.1.2 and C21.2.1 of the 2009 Provisions and Luco et al. (2007).

3.1.7 Summary

The procedures for deriving the MCEr ground motion and PGA maps in the 2015 Provisions and ASCE
7-16 from the computations of the USGS National Seismic Hazard Modeling Project are the same as
those for the maps in ASCE 7-10. These procedures are established in the site-specific ground motion
chapter, in Section 21.2 for the MCEr ground motion maps and in Section 21.5 for the PGA maps. The
ground motion values used in these procedures, however, are different for the two sets of conterminous
US maps; those used for the 2015 Provisions and ASCE 7-16 are based on the 2014 USGS update of the
National Seismic Hazard Model, whereas the maps in ASCE 7-10 used the 2008 USGS update.
Furthermore, the =0.6 value used for the MCERr ground motion maps in the 2015 Provisions and ASCE
7-16 is consistent with the site-specific procedure (Section 21.2). The ground motion values used for
Guam and the Northern Mariana Islands, and for American Samoa, are based on new USGS hazard
models for those territories (Petersen et al., 2012 and Mueller et al., 2012). The £=0.6 value is used for
the MCERr ground motion maps of those territories. The MCEr and PGA maps for the other US territories
— Alaska, Hawaii, and Puerto Rico and the US Virgin Islands — are unchanged from ASCE 7-10 to the
2015 Provisions and ASCE 7-16. Also unchanged are the T. maps and the vertical ground motion
equations.

3.2 DETERMINATION OF GROUND MOTION VALUES AND SPECTRA

This example illustrates the determination of seismic design parameters for a site in Seattle, Washington.
The site is located at 47.65°N latitude, 122.3°W longitude. Using the results of a site-specific
geotechnical investigation and the procedure specified in Chapter 20, the site is classified as Site Class C.

In the sections that follow, design ground motion intensity parameters, horizontal response spectra, and
peak ground accelerations are determined using ASCE 7-10, the 2015 Provisions, and ASCE 7-16. Using
the Standard, vertical response spectra are computed for both design and maximum considered
earthquake ground motions.

3.2.1 ASCE 7-10 MCEg Ground Motion Values

ASCE 7-10 Section 11.4.1 requires that spectral response acceleration parameters Ss and S; be determined
using the maps in Chapter 22. Those maps are too small to permit reading values to a sufficient degree of
precision for most sites, so in practice the mapped parameters are determined using a software application
available at http://earthquake.usgs.gov/hazards/designmaps/. That application requires that longitude be
entered in degrees east of the prime meridian; negative values are used for degrees west. Given the site
location, the following values may be determined using the online application (or read from Figures 22-1
and 22-2).

Ss=1.289
S;=0.498
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Using these mapped spectral response acceleration values and the site class, site coefficients Fa and F, are
determined in accordance with Section 11.4.3 using Tables 11.4-1 and 11.4-2. Using Table 11.4-1, for Ss
=1.289 > 1.25, F, = 1.0 for Site Class C. Using Table 11.4-2, read F, = 1.4 for S; = 0.4 and F, = 1.3 for
S1> 0.5 for Site Class C. Using linear interpolation for S; = 0.498,

Fo=14+228%% 13 14)=1302
0.5—-0.4

Using Equations 11.4-1 and 11.4-2 to determine the adjusted maximum considered earthquake spectral
response acceleration parameters,

Swms = FaSs = 1.0(1.289) = 1.289
Sw1 = FvS1 = 1.302(0.498) = 0.649

Using Equations 11.4-3 and 11.4-4 to determine the design earthquake spectral response acceleration
parameters,
2 2
Sps =5 Sms =3 (1.289) = 0.860
So1==Swi = = (0.649) = 0.433

Given the site location read Figure 22-12 for the long-period transition period, T, = 6 seconds.

3.2.2 2015 Provisions and ASCE 7-16 MCEg Ground Motion Values

The 2015 Provisions and ASCE 7-16 modify Chapter 22 and Section 11.4.3 of ASCE 7-10 to update the
seismic design ground motion parameters, as described in Section 3.1.6 above. Given the site location,
the following values may be determined using the online application (or read from Figures 22-1 and 22-2
of the 2015 Provisions or ASCE 7-16).

Ss = 1.397
Sl =0.487

Using these spectral response acceleration values and the site class, the updated site coefficients F, and Fy
are determined in accordance with Section 11.4.3 using Tables 11.4-1 and 11.4-2 (which are different
than the Tables in ASCE 7-10 and the 2009 Provisions). Using Table 11.4-1, for Ss = 1.397, Fa = 1.2 for
Site Class C. Using Table 11.4-2, for S; = 0.487, F, = 1.5 for Site Class C.

Using Equations 11.4-1 and 11.4-2 to determine the MCERr spectral response acceleration parameters,

Sws = FaSs = 1.2(1.397) = 1.676
Sw1 = FySi = 1.5(0.487) = 0.731

Using Equations 11.4-3 and 11.4-4 to determine the design earthquake spectral response acceleration
parameters,

Sos = =Sws = = (1.676) = 1.118
So1 = =Sy = = (0.731) = 0.487
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Given the site location read ASCE 7-16 Figure 22-14 (which is identical to Figure 22-12 in ASCE 7-10)
for the long-period transition period, T, = 6 seconds.

3.2.3 2015 Provisions and ASCE 7-16 Horizontal Response Spectra

Using the Sps, Sp1, and T, parameters determined in the preceding section, the design spectrum is
constructed in accordance with ASCE 7 Section 11.4.5 using Figure 11.4-1 and Equations 11.4-5, 11.4-6
and 11.4-7. The design spectral response acceleration ordinates, Sa, may be divided into four regions
based on period, T, as described below.

FromT=0to To= 0.2(“;&) = 02(—(1)11“;;) = 0.087 seconds, S, varies linearly from 0.4Sps to Sps.
DS :
FromToto Ts = (i’i) = (%) = 0.436 seconds, S, is constant at Sps.
DS :

From Ts to Ti, Sa is inversely proportional to T, being anchored to Sps at T = 1 second.

At periods greater than T,, Sa is inversely proportional to the square of T, being anchored to % at Ty
L

As prescribed in ASCE 7 Section 11.4.6, the MCER response spectrum is determined by multiplying the
design response spectrum ordinates by 1.5. Figure 3.2-1 shows the design and MCEr response spectra
determined using the ground motion parameters computed in Section 3.2.3.
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Figure 3.2-1 Horizontal Response Spectra for Design and MCEr Ground Motions
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3.2.4 ASCE 7-16 Vertical Response Spectra

Chapter 23A of the 2015 (and 2009) Provisions defines vertical ground motions for seismic design. The
design vertical response spectrum is constructed in accordance with Section 23.1 using Equations 23.1-1,
23.1-2, 23.1-3 and 23.1-4. Vertical ground motion values are related to horizontal ground motion values
by a vertical coefficient, C,, which is determined as a function of site class and the MCEr spectral
response parameter at short periods, Ss. The design vertical spectral response acceleration ordinates, Say,
may be divided into four regions based on vertical period, T,, as described below.

Using Provisions Table 23.1-1 and Ss = 1.397 from Section 3.2.2 above, read C, = 1.3 for Ss > 2.0 and C,
= 1.1 for Ss = 1.0 for Site Class C. Using linear interpolation,

1.397-1
2-1

Ch=11+ ( ) (1.3-1.1) = 1.179

From T, = 0 to 0.025 seconds, Say is constant at 0.3C,Sps = 0.3(1.179)(1.118) = 0.395. Fro T, =0.025 to
0.05 seconds, Sav varies linearly from 0.3C,Sps = 0.395 to 0.8C,Sps = 0.8(1.179)(1.118) = 1.054. From T,
=0.05 to 0.15 seconds, S,y is constant at 0.8C,Sps = 1.054. From T, = 0.15 to 2.0 seconds, Say is inversely
proportional to T,%®, being anchored to 0.8C,Sps = 1.054 at T, = 0.15 seconds. For vertical periods
greater than 2.0 seconds, the vertical response spectral acceleration must be determined using site-specific
procedures.

As prescribed in Provisions Section 23.2, the MCERg vertical response spectrum is determined by

multiplying the design vertical response spectrum ordinates by 1.5. Figure 3.2-2 shows the design and
MCERr vertical response spectra.
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Figure 3.2-2 Vertical Response Spectra for Design and MCEr Ground Motions

3.2.5 ASCE 7-10 Peak Ground Accelerations
Section 11.8.3 of ASCE 7-10 calculates peak ground accelerations used for assessment of the potential for

liquefaction and soil strength loss and for determination of lateral earth pressures for design of basement
and retaining walls. Given the site location, the following value of maximum considered earthquake
geometric mean peak ground acceleration may be determined using the online application (or read from

ASCE 7-10 Figure 22-7).

PGA=0.521¢g

Using this mapped peak ground acceleration value and the site class, site coefficient Fpga is determined in
accordance with Section 11.8.3 using Table 11.8-1. Using Table 11.8-1, for PGA = 0.521 > 0.5, Fpga =
1.0 for Site Class C. Using ASCE 7-10 Equation 11.8-1 to determine the maximum considered
earthquake geometric mean peak ground acceleration adjusted for site class effects,

PGAM = Fpca PGA = 1.0(0.521) =0.521 g

This value is used directly to assess the potential for liquefaction or for soil strength loss. The design
peak ground acceleration used to determine dynamic seismic lateral earth pressures for design of

basement and retaining walls is computed as 24 PGA,, = %(0.521) =0.347 g.
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3.2.6 2015 Provisions and ASCE 7-16 Peak Ground Accelerations

The 2015 Provisions and ASCE 7-16 modify Chapter 22 and Section 11.8.3 of ASCE 7-10 to update the
peak ground accelerations, as described in Section 3.1.6 above. Given the site location, the following
value of maximum considered earthquake geometric mean peak ground acceleration may be determined
using the online application (or read from Figure 22-9 of the 2015 Provisions or ASCE 7-16).

PGA = 0.596 g

Using this mapped peak ground acceleration value and the site class, the updated site coefficient Fpga is
determined in accordance with Table 11.8-1 of the 2015 Provisions or ASCE 7-16. For PGA = 0.596,
Fpea = 1.2 for Site Class C. Using Equation 11.8-1 to determine the maximum considered earthquake
geometric mean peak ground acceleration adjusted for site class effects,

PGAw = Fpea PGA = 1.2(0.596) = 0.715 g

The design peak ground acceleration is computed as %PGAM = % (0.715) = 0.477 g.

3.3  SITE-SPECIFIC GROUND MOTION SPECTRA

Site-specific design and MCEr ground motion spectra characterize the intensity and frequency content of
ground motions at the site of interest in terms of the peak response of a discrete set of 5%-damped single-
degree-of freedom (SDOF) systems with periods distributed over the range of design interest, typically
from 0.0 seconds to a period as long as 10 seconds. Site-specific ground motion spectra serve the same
purpose as the design and MCER response spectra of Chapter 11 that are based on the mapped values of
short-period (0.2s) and 1.0-second response (Chapter 22), but provide response spectral accelerations for
multiple response periods that more accurately characterize the intensity and frequency content of the
ground motions at the site of interest (when properly calculated). Typically, site-specific ground motion
spectra have been used for design of structures of special importance or unique configuration such as a
seismically-isolated hospital building for which peer review is required that necessarily includes review
of the development of site-specific ground motion spectra.

The following steps illustrate the method of ASCE 7-16 Chapter 21 including consideration of deterministic
and probabilistic hazard, adjustment for risk targeting, and treatment of maximum direction spectra. All
the steps are explained in detail in the subsequent sections.

Step 1: Determine Probabilistic Spectra

a. Compute site-specific geometric mean uniform hazard spectrum (UHS) - This is obtained from
the USGS disggregation tool (USGS 2008) based on site location, V3o for Site Class C, and a
ground motion level with 2% probability of exceedance in 50 years.

b. Adjust geometric mean to maximum direction UHS - The geometric mean spectrum of Step 1a is
multiplied by the period-dependent maximum direction scale factors of ASCE 7 Section 21.2.
Note that this step may be omitted if a maximum direction UHS is computed directly.

c. Adjust UHS to uniform risk spectrum (URS) - The maximum direction uniform hazard spectrum
of Step 1b is multiplied by the period-dependent risk coefficients of ASCE 7 Section 21.2.1.1.
Note that one could also adjust from UHS to URS through iterative integration of the hazard
curve with a collapse fragility curve per ASCE 7 Section 21.2.1.2.

Step 2: Determine Deterministic Spectra

a. Compute site-specific maximum direction deterministic spectrum - This is constructed based on
the 84" percentile spectral values for the controlling fault. If the ground motion prediction
equations used to compute the 84" percentile values for the controlling fault predict geometric

3-13



FEMA P-1051, NEHRP Recommended Provisions: Design Examples

mean, then the resulting spectrum must be adjusted by the maximum direction scale factors (e.g.
see Step 1b above). Adjustment for risk-targeting (i.e. Step 1c above) does not apply to
deterministic spectra.

b. Compute transition spectrum - This is constructed based on a code-shape spectrum having Ss =
1.5g, S1 = 0.6g and corresponding site amplification factors F, and F,. It is often referred to as
the transition spectrum since it tends to geographically transition between deterministically-
controlled and probabilistically-controlled sites.

c. Define deterministic spectrum - The deterministic spectrum is the larger of the spectrum from
Steps 2a and 2b.

Step 3: Determine Lower Limit Spectrum

Compute lower limit spectrum - The MCEg spectrum constructed per ASCE 7 Section 11.4.5 and
11.4.6 for the site is multiplied by 80% to define a lower limit on the site-specific values.

Step 4: Determine Target Spectrum

Define MCEr target spectrum - The MCEr target spectrum used in design is taken as the period-
by-period minimum of the probabilistic (Step 1c) and the deterministic (Step 2c) but not less than
the lower limit (Step 3).

3.3.1 Site-Specific MCEg and Design Ground Motion Requirements

Chapter 21 provides procedures for performing a site response analysis (Section 21.1) and for performing
a site-specific ground motion hazard analysis to determine risk-targeted maximum considered earthquake
(MCER) ground motions (21.2). Site-specific ground motion hazard analysis accounts for regional
tectonic setting, geology and seismicity, and the expected recurrence rates of maximum magnitude
earthquakes, the characteristics of ground motion attenuation, near source effects and subsurface
conditions. The characteristics of subsurface conditions are considered either by attenuation relations or
by site response analysis (Section 21.1), the latter being required for Site Class F sites or when available
attenuation relations do not adequately incorporate site effects. Results of a site-specific ground motion
hazard analysis are used to determine the MCERr response spectrum (Section 21.2), the design response
spectrum (Section 21.3) and site-specific values of short-period and 1-second design acceleration
parameters, Sps and Sp1, and Sus and Smi (Section 21.4). The underlying methods of a site-specific
ground motion analysis are necessarily complex and highly technical, requiring a unique combination of
earth science, geotechnical and probabilistic expertise.

Section 11.4.7 permits use of site-specific ground motion procedures to determine seismic ground motion
values for design of any structure and requires their use for certain structures and site conditions in lieu of
the mapped acceleration parameters of Chapter 22 and the seismic ground motion requirements of
Sections 11.4.1 through 11.4.6. Structures and site conditions required by Section 11.4.7 to be designed
for site-specific ground motions include seismically isolated structures (Chapter 17) and structures with
an energy dissipation system (Chapter 18) at sites with mapped values of 1-second MCEr spectral
response acceleration S; greater than or equal to 0.6. Chapters 17 and 18 also effectively require site-
specific ground motions for nonlinear response history analysis of isolated or damped structures located
near active faults, or with certain configurations or dynamic characteristics (i.e., most isolated and
damped structures). Similarly, the nonlinear response history analysis procedures of Chapter 16
effectively require site-specific ground motions as the appropriate basis for selection and scaling of
ground motions. Arguably, structures with an isolation or damping system or designed using the
nonlinear response history analysis procedures of Chapter 16 represent a limited number of unique
structures, often of special importance (e.g., Risk Category IV structures) warranting the additional effort
required to develop site-specific ground motions.

Section 11.4.7 also requires site-specific ground motions for design of structures at Site Class E sites with
mapped values of short-period MCERr spectral response acceleration Ss greater than or equal to 1.0, and
structures at Site Class D or Site Class E sites with mapped values of 1-second MCEr spectral response
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acceleration S; greater than or equal to 0.2. These requirements are new additions to the 2015 NEHRP
Provisions and ASCE 7-16 and were adopted to address an identified short-coming in ELF and MSRA
procedures for which the design ground motion requirements of Sections 11.4.1 through 11.4.6 were
found to be deficient with respect to actual site hazard (Kircher & Associates 2015). Unlike the limited
applications of site-specific ground motions required for isolated and damped structures, the new
requirements for site-specific ground motions apply to all structures and therefore have a much more
significant impact on design practice. Accordingly, Section 11.4.7 provides exceptions that effectively
allow designers to use conservative values of ground motion parameters for design using ELF and MRSA
procedures in lieu of developing site-specific ground motions.

3.3.2 Site-Specific Seismic Hazard Characterization

Site-specific ground motion hazard is characterized by “seismic hazard” curves for the site of interest that
relate the annual frequency of occurrence to a ground motion intensity parameter, typically 5%-damped
response spectra acceleration at a given period of response. A uniform hazard spectrum (UHS) is a plot
of ground motion intensity parameter as a function of response period for a given annual frequency of
occurrence (e.g., annual frequency of 1/1,000 corresponding to a mean annual return period of 1,000
years). Site-specific seismic hazard curves account for the potential sources of earthquakes (e.g., fault
location), the potential magnitudes of earthquakes from these sources and their frequencies of occurrence,
and the potential ground motions generated by these earthquakes, and necessarily incorporate the
uncertainty and randomness in each of these components (also referred to as epistemic and aleatory
sources of uncertainty, respectively).

Site-specific seismic hazard curves are calculated using Probabilistic Seismic Hazard Analysis (PSHA)
methods, the probabilistic framework used by United States Geological Survey (USGS) to characterize
the ground motions of the United States National Seismic Hazard Maps (Petersen et al. 2008, Petersen et
al., 2014). PSHA, as originally conceived by Cornell (1968), has evolved greatly in terms of scope and
complexity requiring considerable geotechnical and earth science expertise and sophisticated computer
programs to properly implement. Interested readers may refer to the EERI monograph, Seismic Hazard
and Risk Analysis (McGuire 2004) for a comprehensive description of PSHA methods. Public domain
PSHA software packages include OpenSHA (Field 2003) and proprietary software packages include EZ
FRISK, the program used by a number of geotechnical engineering firms to perform a site-specific
ground motion hazard analysis.

This example relies on the underlying seismic hazard data, uniform hazard curves and UHS and related
results of PSHA calculations developed by the USGS as part of their work United States National Seismic
Hazard Maps available online at USGS web sites. At the time this example was prepared, most of this
information was not yet available online for the 2014 update of seismic hazard maps (Petersen et al.,
2014). In such cases, values of various parameters shown in the examples are taken from the 2008 update
of the seismic hazard maps (Petersen 2008). While seismic design parameters have changed somewhat
from 2014, the underlying methods remain largely the same, and do not affect the validity of the concepts
illustrated in the examples of site-specific MCEg and design ground motion response spectra.
Additionally, the examples incorporate current MCEr ground motions based on 2014 hazard functions
obtained from on-going research of the Southern California Earthquake Consortium (SCEC) CyberShake
project (Milner 2015).

3.3.3 Example Site-Specific MCEr and Design Ground Motion Spectra

3.3.3.1 Example Site — Riverside California. This section develops an example of site-specific MCEg
and design ground motion spectra for a site in Riverside California (33.935, -117.403). The example
Riverside site is shown in Figure 3.3-1 (labeled as SCEC Site S684). An important first step in a site-
specific analysis is the identification of the location and properties of seismic sources (active faults) close
enough to contribute to seismic hazard at the site of interest. Figure 3.3-1 shows the surface projection of
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active faults (or segments of a fault system) obtained from the USGS fault database (Petersen et al.,
2014), including, in particular, fault segments of the San Jacinto, San Andreas and Whittier-Elsinore fault
systems. The closest distances of the site to each of these fault systems is about 18 km to the San Jacinto
(SB) fault, about 29 km to the San Andreas (SB) fault and about 21 km to the Elsinore (GI) fault.
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Figure 3.3-1  Google earth map showing location of the example site (SCEC Site S684) in
Riverside California and fault segments of active fault systems

Other important fault data available from USGS fault database include the magnitude potential and slip
rate of individual fault segments and multi-segment ruptures of fault systems. Earthquake magnitude is
related to the length of fault rupture (i.e., larger earthquake magnitudes are expected for longer lengths of
fault rupture). The recurrence rate or likelihood of an earthquake occurring is related to the fault slip rate
(i.e., earthquakes are expected to occur more frequently on faults which have larger values of the slip
rate). Fault segments of the San Jacinto and San Andreas systems have the potential to generate large
magnitude (i.e., > M7.0) earthquakes as well as exceptionally high slip rates (i.e., > 10 mm/year) and are,
therefore, are expected to be the primary contributors to seismic ground motion hazard at the example
Riverside site.

Site characteristics which include the site shear wave velocity (site class) and basin depth significantly
influence seismic hazard. As discussed in Section 3.3.1, site characteristics may be determined by
performing a site response analysis (Section 21.1 of ASCE 7-16), although such analysis is not typically
performed for sites in the western United States. In general, a geotechnical study of the site is performed
that includes determination of an appropriate value of the shear wave velocity in the upper 30 meters
(vs.30) and the corresponding site class. For this example, the value of site shear wave velocity at the
Riverside site is taken as vs 30 = 1,200 fps (Site Class CD boundary) consistent with estimates of shear
wave velocity available from on-line databases of OpenSHA (http://www.opensha.org/apps-SiteData) and
the USGS (http://earthquake.usgs.gov/hazards/). While generally accurate, these estimates of shear wave
velocity which are based on the research of Wills and Clahan (2006) for California sites and on Wald and
Allen (2007) for United States sites are inferred from topographical features and other characteristics,
rather than based on actual site-specific measurements of shear wave velocity.
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The USGS provides a number of useful site-specific ground motion hazard tools online, including
interactive de-aggregation of hazard functions (USGS 2015). De-aggregations of 2% in 50-year ground
motion response spectral acceleration (i.e., mean return period of 2,475 years) for the example Riverside
site are shown in Figure 3.3-2 for three response periods 0.2s (top), 1s (middle) and 5s (bottom). Each of
the three de-aggregation plots show the collective contribution of the various sources to site hazard
binned in terms of the earthquake magnitude and closest distance of the site to fault rupture. The height
of the vertical bars indicates the relative contribution of the magnitude-distance bin to site hazard.

The color scheme indicates the value of the de-aggregation parameter &, a measure of the rareness of the
ground motions of the mean return period of interest relative to median ground motions of the magnitude-
distance pair of the bin of interest. In this example, light blue shading (which represents values of &, 1.0
< & < 2.0) indicates that 2,475-year ground motions are between 1 and 2 lognormal standard deviations
above median ground motions, or about 1.8 (€%¢*19) to 3.3 (e%6*29) times as strong as median ground
motions (assuming a lognormal standard deviation value of 0.6).

Plots in Figure 3.3-2 show that large magnitude earthquakes on the San Jacinto fault system (i.e., vertical
bars of bins at a closest distance of about 18 km) and the San Andreas fault system (i.e., vertical bars at a
closest distance of about 29 km form the site) dominate site hazard at all periods, except at short-periods
(0.2s) for which smaller-magnitude seismic sources at closer distances also contribute to site hazard. The
relatively large values of & for the example Riverside site are due to the relatively high slip rates of these
fault systems and the mean annual return period of 2,475 years which is effectively many time longer than
the expected time between the occurrence of large-magnitude earthquakes on these highly active sources.

Modal values of distance (R), magnitude (M) and & refer to the magnitude-distance bin with tallest
vertical bar (i.e., the magnitude-distance bin with the largest de-aggregation probability). Modal results
for 1s response indicate that 2,475-year ground motions (0.8627 g) are about 2.5 (e%*15%) times median
ground motions (approx. 0.35 g) of a magnitude M7.61 earthquake on the San Jacinto fault at a closest
distance of 17.8 km (& = 1.53). Modal results also indicate that an earthquake on the San Jacinto fault
system (i.e., closest distance of about 18 km) with a magnitude as low as M7.0 (based on 0.2s response)
or as large as M7.8 (based on 5s response) could be assumed for evaluation of deterministic MCEr
ground motions (Section 3.3.2.3).
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Figure 3.3-2  Example de-aggregation of 2,475-year mean annual return period seismic hazard
for 0.2s response (top), 1s response (middle) and 5s response (bottom) (USGS 2015a)
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Site-specific seismic design parameters of the 2009 NEHRP Provisions and ASCE 7-10 are available
from the “U.S. Seismic Design Maps” web site (USGS 2015) and in the future will be available for the
2015 NEHRP Provisions and ASCE 7-16 from this web site (or equivalent). For this example, values of
seismic design parameters of the 2014 NEHRP Provisions (and ASCE 7-16) were provided by the USGS
for the example Riverside site (Luco 2015). These parameters provide important information for “sanity
checking” of site-specific response spectra (at response periods of 0.2s and 1.0s) and are required by
Section 21.3 to establish lower-bound limits on site-specific design spectra to avoid potential
underestimation of site ground motion hazard. Table 3.3-1 provides a summary of seismic design
parameters of the 2009 and 2014 NEHRP Provisions for the example Riverside site. It should be noted
that the values of the seismic design parameters Sws, Sm1, Sps and Sp; are the same for the 2009 NEHRP
Provisions and ASCE 7-10 (and, likewise, the same for the 2015 NEHRP Provisions and ASCE 7-16),
although the NEHRP Provisions provides more in-sight into the basis for these parameters.

Seismic design parameters of the 2009 NEHRP Provisions (ASCE 7-10) and the
2015 NEHRP Provisions (ASCE 7-16) for the example Riverside site (USGS 2013, Luco 2015)

Table 3.3-1

Parameter Parameter Definition 2009 Source 2009 2015
Symbol or Equation Value | Value
Uniform-hazard (2% in 50-year) ground motions of . i
SsuH 0.2s response spectral acceleration, Site Class BC Fig. 22-1 1660g | 1.659
Ckrs Risk coefficient at 0.2s spectral response period Fig. 22-3 1.106 0.945
Uniform-risk (1% in 50-year) ground motions of )
Crs X Ssut | g g response spectral acceleration, Site Class BC Eq. (11.4-1) | 18369 | 1.568
Deterministic ground motions of 0.2s response .
Ssp spectral acceleration, Site Class BC Fig. 22-5 1509 | 1.50g
MCERr 0.2s response spectral acceleration, Site
Ss Class BC (minimum of Ssp and Crs X SSUH) 1.50 9 1.50 9
Uniform-hazard (2% in 50-year) ground motions of . i
Siun 0.2s response spectral acceleration, Site Class BC Fig. 22-2 0.658g | 0.624
Cr1 Risk coefficient at 1.0s spectral response period Fig. 22-4 1.072 0.919
Deterministic ground motions of 0.2s response .
Sio spectral acceleration, Site Class BC Fig. 22-6 0.60g | 0609
MCEr 1.0s response spectral acceleration, Site
S1 Class BC (minimum of Ssp and Crs X SSUH) 0.60 9 0573 9
Fa (C) Short-period (0.2s) site coefficient, Site Class C Table 11.4-1 1.0 1.2
F. (D) Short-period (0.2s) site coefficient, Site Class D Table 11.4-1 1.0 1.0
F. (CD) | Short-period (0.2s) site coefficient, Site Class CD  |[Fa(C)+Fa(D)]/2 1.0 1.1
Fv (C) Long-period (1.0s) site coefficient, Site Class C Table 11.4-2 1.3 14
Fv (D) Long-period (1.0s) site coefficient, Site Class D Table 11.4-2 15 1.7
Fv (CD) | Long-period (1.0s) site coefficient, Site Class CD  |[F\(C)+F.(D)]/2 1.4 1.55
MCERr 0.2s response spectral acceleration, Site )
Swuis Class CD (Fa x Ss) Eq. (11.4-5) | 1.50g | 1.65¢
MCER 1.0s response spectral acceleration, Site i
Sm1 Class CD (Fu X S) Eq. (11.4-6) 0.84g | 0.89¢
Design 0.2s response spectral acceleration, Site )
Sbs Class CD (2/3 X Swe) Eq. (11.4-7) | 1.00g | 1.10g
Design 1.0s response spectral acceleration, Site i
Sp1 Class CD (2/3 X Sw) Eq. (11.4-8) 0569 | 0.62¢
Ts (CD) | Short-period transition period (Sp1/Sps) Fig. 11.4-1 0.52s 0.59s
To (CD) | ZPA transition period (0.2 X Sp1/Sps) Fig. 11.4-1 0.104s | 0.108 s
TL Long-period transition period Fig. 22-7 8s 8s
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3.3.3.2 Probabilistic MCEr Ground Motions. Section 21.2.1 of ASCE 7-16 (and ASCE 7-10) defines
the site-specific probabilistic MCEr ground motions in terms of 5-percent damped response spectral
acceleration at each period in the direction of maximum horizontal response that is expected to achieve a
1 percent probability of collapse within a 50-year period, and specifies two methods for determining the
probabilistic MCERg response spectrum.

The first method (Method 1) recognizes that PSHA methods define ground motion intensity in terms of a
uniform hazard probability (e.g., 2% in 50-year) rather than a uniform collapse probability, and provides
mapped values of the risk coefficient Cg for converting 2% in 50-year uniform hazard spectra (UHS) to
1% in 50-year uniform collapse risk-target ground motion (RTGM) spectra. Values of the risk coefficient
are period-dependent and vary as function of the slope and shape of the site hazard function, including
site effects. Mapped values of the risk coefficient developed by the USGS at periods of 0.2s (Crs) and
1.0s (Cry) for Site Class BC site conditions are assumed applicable to other site conditions.

The second method (Method 2) directly calculates 1% in 50-year uniform collapse risk-targeted ground
motions from site hazard functions by an iterative process of integrating a lognormal probability density
function that is the derivative of a hypothetical collapse fragility curve defined as having a 10 percent
conditional probability of collapse at MCEr ground motion intensity and an associated lognormal
standard deviation value of 0.6. Method 2 was used by the USGS to calculate the mapped values of the
risk coefficients of Method 1. Probabilistic MCERg response spectra determined by Method 2 are
conceptually more accurate than those of Method 1 since they do not rely on risk coefficients that are
defined at only two response periods for Site Class BC site conditions, although the differences in
probabilistic MCERr response spectra of the two methods is typically very small.

Prior to about 2005, attenuation relations (now referred to as ground motion predictive equations) defined
ground motion intensity in terms of the average or “geomean” horizontal response, where geomean
response at the period of interest is calculated as the square root of the product of peak responses of two
orthogonal horizontal components of recorded ground motions. Geomean response has no physical
meaning since the peak response of one horizontal component seldom occurs at the same point in time
during the earthquake as that of the other horizontal component, and is not uniquely defined since the
values of peak response of the two horizontal components vary with the orientation of the two horizontal
components (e.g., vary with orientation of the horizontal axes of the ground motion recording unit).

As part of the change in the basis of design ground motions from uniform hazard to uniform risk during
the 2009/2010 Code cycle, Project 07 defined ground motion intensity at the period of interest as the
“maximum” response in the horizontal plane (i.e., peak response from the origin occurring in any
direction in the horizontal plane during the earthquake). The maximum direction definition was deemed
more appropriate (e.g., than the geomean definition) for seismic design of buildings that are considered
equally likely to collapse in any direction and provided a non-ambiguous, physically realizable, definition
of response (albeit of a linear-elastic single-degree-of-freedom system). Ratios of maximum direction
response to geomean response were developed for conversion of geomean-based ground motions to the
maximum direction ground motions, as described in the commentary of the 2009 NEHRP Provisions
(BSSC 2009).

Short-comings with the use of the geomean definition of ground motion intensity prompted earthquake
ground motion modelers to develop statistically-based, orientation-independent, definitions of median
(i.e., RotD50) and maximum (i.e., RotD100) response in the horizontal plane (Boore et al., 2006, Boore
2010). Current ground motion predictive equations (e.g., PEER NGA-West2 relations) now use RotD50
as the ground intensity parameter. Recognizing the need to allow use of a consistent definition of S,
throughout the design process, formulas relating RotD100 to RotD50 have been developed (Shahi &
Baker 2013) that are somewhat different from the ratios of maximum direction response to geomean
response used by the USGS to develop the ground motion maps of the 2009 NEHRP Provisions and
ASCE 7-10 and to update the ground motion maps of the 2015 NEHRP Provisions and ASCE 7-16.
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This section illustrates development of probabilistic MCEr response spectra for the example Riverside
site using both Method 1 and Method 2 requirements. For Method 1, probabilistic MCEr response
spectra are separately calculated with (1) the ratios of maximum to geomean response used by the USGS
to develop the seismic design values maps of ASCE 7-10 and ASCE 7-16 (2009/2015 NEHRP
Provisions) and (2) the ratios of RotD100 to RotD50 response of Shahi & Baker (2013). Method 1
illustrates how users could develop site-specific probabilistic MCEr response spectra from 2% in 50-year
UHS. While not yet available (during development of this example), the USGS intends to update their
web-based Seismic Hazard Curve application (USGS 2012) and provide 2% in 50 year UHS for sites in
the U.S. based on the hazard functions of the 2014 update of seismic hazard maps (Petersen et al., 2014).

For the example Riverside site, the SCEC provided 2% in 50-year UHS and 1% in 50-year RTGM
response spectra (Milner 2015). These spectra incorporate the same ground motion relations (e.g., PEER
NGA West2 relations) and the same hazard functions as those of the 2014 update, except that PSHA
calculations did not include the updated forecast of UCERF3 (Field et al., 2015). Incorporation of
UCERF3 would not be expected to significantly change ground motions at the Riverside site. Table 3.3-2
summarizes the values of SCEC response spectra for two site conditions, hypothetical Site Class BC (Vs 30
= 762 mps) conditions (reference conditions) and actual Site Class CD (vs30 = 366 mps) conditions.
SCEC spectra represent maximum (RotD100) ground motion intensity based on Shahi & Baker (2013).

Table 3.3-2Summary of SCEC 2% in 50-year UHS and 1% in 50-year RTGM spectra for
hypothetical (vs30 = 762 mps) and actual (vs30= 366 mps) site conditions of the example
Riverside site (Milner 2015) and derived values of site amplification and risk coefficients

2%-50yr 2%-50yr 1%-50yr 1%-50yr Derived Derived

Period UHS UHS RTGM RTGM Site Values of

T (s) RotD100 RotD100 RotD100 RotD100 Amplifi- the Risk

762 mps 366 mps 762 mps 366 mps cation Coefficient

0.01 0.758 0.907 0.746 0.904 1.20 0.997
0.02 0.774 0.909 0.762 0.906 1.17 0.997
0.03 0.869 0.957 0.853 0.955 1.10 0.998
0.05 1.166 1.151 1.132 1.148 0.99 0.997
0.075 1.535 1.472 1.483 1.459 0.96 0.991
0.1 1.742 1.725 1.685 1.721 0.99 0.997
0.15 1.923 2.060 1.859 2.055 1.07 0.998
0.2 1.847 2.250 1.789 2.244 1.22 0.997
0.25 1.692 2.349 1.641 2.318 1.39 0.987
0.3 1.545 2.366 1.494 2.318 1.53 0.980
0.4 1.308 2.242 1.264 2.180 1.71 0.973
0.5 1.132 2.054 1.089 1.986 1.81 0.967
0.75 0.828 1.598 0.790 1.527 1.93 0.956
1.0 0.628 1.262 0.595 1.198 2.01 0.950
15 0.408 0.850 0.385 0.804 2.08 0.946
2.0 0.300 0.627 0.282 0.589 2.09 0.940
3.0 0.196 0.411 0.183 0.384 2.09 0.935
4.0 0.148 0.303 0.137 0.282 2.05 0.930
5.0 0.124 0.245 0.114 0.226 1.98 0.922
7.5 0.084 0.154 0.077 0.141 1.84 0.915
10 0.056 0.096 0.051 0.088 1.71 0.913
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Table 3.3-2 also shows derived values of period-dependent site amplification and the risk coefficient.
Period-dependent values of site amplification are the ratios of 2% in 50-year UHS of Site Class CD (366
mps) and 2% in 50-year UHS of Site Class BC (762 mps). Period-dependent values of the risk coefficient
are the ratios of 1% in 50-year RTGM spectra and 2% in 50-year UHS for Site Class CD (366 mps). It
may be noted that at longer periods, derived values of Site Class CD site amplification (e.g., 2.0 at 1.0s)
tends to be about 30 percent greater than the long-period site coefficient, F, = 1.55 (Table 3.3-1). It may
also be noted that derived values of the risk coefficient are somewhat different in general from the values
of Cgrs and Cr: (Table 3.3-1), although these differences are generally small.

Table 3.3-3 summarizes 2% in 50-year UHS, factors converting geomean to maximum or RotD50 to
RotD100 response and mapped values of risk coefficients and probabilistic MCEgr ground motions
calculated from these parameters in accordance with Method 1 of Section 21.2.1, and probabilistic MCEr
ground motions calculated using Method 2 of Section 21.2.1 of ASCE 7-16 for the example Riverside
site. The 2% in 50-year UHS for hypothetical Site Class BC (reference) site conditions are provided for
comparison with actual site conditions to illustrate the importance of site affects and are not used in the
calculation of site-specific ground motions. Values in Columns with headings (A), (B1) or (B2) and (C)
are multiplied together for Method 1 calculation of probabilistic MCER response spectra. Table 3.3-3 is
included primarily for documenting values; Figure 3.3-3 provides a more comprehensible comparison of
UHS and probabilistic MCEr response spectra for the example Riverside site.

Table 3.3-3

Summary of 2% in 50-year UHS, maximum/geomean and RotD100/RotD50 ratios,

mapped values of risk coefficients and probabilistic MCEr ground motions calculated from these
parameters using Method 1 of Section 21.2.1, and probabilistic MCEr ground motions calculated
using Method 2 of Section 21.2.1 of ASCE 7-16 for the example Riverside site

296-50yr | 296-50yr | .- A (B1) (B2) ©) " |prob MCER|Prob MCER|Prob MCE
Period Gligy ljligy 2%-50yr | Maximum/|RotD1007} ~ Risk l\;IJSthodClR l\;IJSthodClR |vo|§thoo|(:2R
T(s) | RotD50 | Rot100 | _UHS | Geomean | RotbS0 | Coefficient| a5 " | 966 mns | 366 mps

762 mps | 762 mps RotDS0 (ASCE | (Shahi & | - (ASCE (AxB1xC) | (AxB2xC) | (SCEC)

366 mps | 7-10/16) | Baker) 7-16)

001 | 0635 | 0758 | 0.760 | 110 119 | 0945 | 0790 | 0857 | 0904
002 | 0650 | 0774 | 0763 | 110 119 | 0945 | 0793 | 0859 | 0.906
003 | 0732 | 0869 | 0806 | 110 119 | 0945 | 0838 | 0904 | 0.955
005 | 0983 | 1166 | 0970 | 110 119 | 0945 | 1009 | 1088 | 1148
0075 | 1292 | 1535 | 1239 | 110 119 | 0945 | 1288 | 1391 | 1.459
01 | 1467 | 1742 | 1453 | 1.10 119 | 0945 | 1510 | 1630 | 1721
015 | 1603 | 1923 | 1717 | 110 120 | 0945 | 1785 | 1047 | 2.055
0.2 | 1532 | 1847 | 1866 | 1.10 121 | 0945 | 1940 | 2126 | 2244
025 | 1391 | 1692 | 1931 | 111 122 | 0943 | 2027 | 2216 | 2318
03 | 1268 | 1545 | 1.941 | 113 122 | 0942 | 2057 | 2228 | 2318
04 | 1064 | 1308 | 1824 | 115 123 | 0939 | 1969 | 2104 | 2180
05 | 0921 | 1132 | 1671 | 118 123 | 0935 | 1837 | 1921 | 1986
0.75 | 0669 | 0828 | 1201 | 124 124 | 0927 | 1482 | 1482 | 1527
10 | 0506 | 0628 | 1017 | 130 124 | 0919 | 1215 | 1160 | 1.198
15 | 0328 | 0408 | 0684 | 133 124 | 0919 | 0833 | 0781 | 0804
20 | 0241 | 0300 | 0504 | 1.35 124 | 0919 | 0625 | 0576 | 0589
30 | 0157 | 0196 | 0330 | 1.40 125 | 0919 | 0424 | 0378 | 0384
40 | 0117 | 0148 | 0240 | 145 126 | 0919 | 0320 | 0278 | 0282
50 | 0098 | 0124 | 0194 | 150 126 | 0919 | 0267 | 0225 | 022
75 | 0065 | 0084 | 0120 | 150 129 | 0919 | 0165 | 0142 | o0.141
10 | 0043 | 0056 | 0075 | 150 129 | 0919 | 0103 | 0089 | 0088
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Response Spectral Acceleration (g)
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Figure 3.3-3  Plots of 2% in 50-year UHS for Site Class BC (hypothetical, reference site

conditions) and probabilistic MCERr response spectra for Site Class CD (actual site conditions)

calculated in accordance with either Method 1 or Method 2 of Section 21.2.1 of ASCE 7-16 for the

example Riverside site

Review of the various plots of the response spectra shown in Figure 3.3-3 provide the following insights
into the example calculation of probabilistic MCEr ground motions and the underlying seismic hazard at
the Riverside site:

)

)

@)

(4)

Although the example Riverside site is about 18 km from the San Jacinto fault system and about
29 km from the San Andreas fault system (i.e., the fault systems dominating seismic hazard at the
Riverside site), site-specific probabilistic MCEr ground motions are quite strong reflecting the
influence of the very high activity rates of these two fault systems on site hazard.

Comparison of 2% in 50-year UHS for hypothetical Site Class BC (reference) site conditions and
probabilistic MCERr response spectra for actual Site Class CD site conditions illustrates the
importance of site conditions and the associated value of vs 3o on the intensity and frequency
content of site-specific probabilistic ground motions.

Comparison of the probabilistic MCEr response spectrum calculated using Method 1 and ratios
of maximum to geomean response of ASCE 7-10/ASCE 7-16 with the probabilistic MCEr
response spectrum calculated using Method 1 and the ratios of RotD100 to RotD50 response of
Shahi & Baker (2013) indicate a non-negligible difference in maximum response estimated by
these two methods, although of much less significance than the effects of site conditions.

Comparison of probabilistic MCERr response spectra calculated using Method 1 and Method 2
show negligible difference when both methods are based on the same ratios of RotD100 to
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RotD50 response indicating that differences, if any, between the mapped values of the risk
coefficients (Method 1) and actual values implicit of Method 2 are not very important.

3.3.3.3 Deterministic MCEgr Ground Motions. Section 21.2.2 of ASCE 7-16 (and ASCE 7-10) defines
the site-specific deterministic MCEr ground motions in terms of 84™" percentile 5-percent damped
response spectral acceleration at each period in the direction of maximum horizontal response that is the
largest such acceleration at the site of interest calculated for the characteristic earthquake on all known
active faults in the region, subject to a deterministic “lower-limit.” The deterministic lower-limit on the
MCER response spectrum is defined by the shape of the design response spectrum (Figure 11.4-1 of
ASCE 7-16) with the domain of constant acceleration equal to 1.5F, and the domain of constant velocity
equal to 0.6F./T, as illustrated in Figure 21.2-1 of ASCE 7-16. Values of F, and F, are obtained from
Tables 11.4-1 and 11.4-2 at the mapped values of MCERr ground motions, Ss = 1.5 and S; = 0.6. For the
example Riverside site, values of site coefficients are, F, = 1.1 (at Ss = 1.5) and F, = 1.55 (at S; = 0.6) for
Site Class CD site conditions (vs30= 366 mps) based on linear interpolation of the site coefficients of Site
Class C and Site Class D, as shown in Table 3.3-1.

In addition to site conditions (Vs s0), the two key parameters in the calculation of site-specific deterministic
MCERr ground motions are the “characteristic earthquake” magnitude (Mw) and the closest distance to
fault rupture (e.g., Rx) associated with each fault that governs site seismic hazard. For this example, a
magnitude M7.8 earthquake on the San Jacinto fault (closest fault rupture distance, Rx = 18 km) is
assumed to be an appropriate (perhaps conservative) value of characteristic earthquake magnitude for the
San Jacinto fault system which governs deterministic hazard at the example Riverside site. The
magnitude M7.8 at Rx = 18 km is based on the de-aggregation results shown in Figure 3.3-2 and the
assumption that response periods of design interest are greater than 1-second (e.g., the site-specific MCEg
response spectrum would be appropriate for design of taller buildings).

There are a number of other site-source and fault characteristics required for calculation of deterministic
MCEr ground motions which include (for western U.S. sites governed by shallow crustal earthquakes),
fault type (e.g., strike-slip, normal, reverse, thrust), site-source distances (R;s and Rrue, as well as Rx),
depth to the top of the fault rupture plane (Zror), fault width (W), fault dip angle, hanging wall or
footwall site location (for dipping faults), and “basin depth” parameters (Z10 and Z2s). Values of these
terms may be found in the USGS fault database or can be derived based on fault geometry (e.g., Rsg, Rrup
and Rx), or taken as equal to “default” values (e.g., default values of Z10 and Z, s inferred from vs30). It
may be noted that each of the site-source and fault terms required for calculation of deterministic MCEr
ground motions is also required for calculation of probabilistic MCEr ground motions. Other than the
deterministic values of My and Rx, the same values of these terms should be used for both calculations
and, in general, be the same as the values of these terms used by the USGS for the 2014 update of the
United States National Seismic Hazard Maps (Petersen et al. 2014).

For the example Riverside site, deterministic median and 84" percentile RotD50 (geomean) response
spectra were conveniently calculated with the Excel spreadsheet program, “Weighted Average of 2014
NGA West-2 GMPEs” (Seyhan 2014) obtained from PEER NGA West-2 web site
(http://peer.berkeley.edu/ngawest2/databases/). The Excel program calculates the weighted average of
the five ground motion predictive equations (GMPEs) developed as part of the PEER NGA West-2
project (ASK 14, BSSA14, CB14, CY14 and 114) for user-specified values of My, Rx and vs 30, other site-
source and fault properties and the respective weights to be applied to each of the individual GMPEs.
Consistent with the weights used by SCEC to develop 2% in 50-year UHS and probabilistic MCEr
ground motions, equal weights of 25 percent each were used to combine median and 84" response spectra
of the ASK14, BSSA14, CB14 and CY14 GMPEs. The 114 was excluded from these calculations since
this GMPE does not apply to soil sites with values of vs 3 <450 mps. Note. These are the same GMPEs
used by the USGS for the 2014 update of the United States National Seismic Hazard Maps, except that
the 114 GMPE (with a weight of 12 percent) was also included in the calculation of the mapped values of
seismic parameters for reference Site Class BC (Vs 30 < 762 mps) site conditions.
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Table 3.3-4 summarizes M7.8 RotD50 (geomean) response spectra calculated for the example Riverside
site using the PEER NGA West-2 spreadsheet (i.e., response spectra listed in columns labeled AO, Al and
A2), values of the maximum/geomean and RotD100/RotD50 ratios (i.e., ratios listed in columns labeled
B1 and B2) and M7.8 84" percentile RotD100 (maximum) response spectra based on these data, and the
deterministic lower-limit on MCERr response spectrum which governs in this example. Although not
required for calculation of site-specific ground motions, response spectra are provided for hypothetical
Site Class BC (762 mps) reference site conditions for comparison with site-specific ground motions for
actual Site Class CD (366 mps) site conditions. It may be noted that the maximum/geomean and
RotD100/RotD50 ratios used to convert geomean (or RotD50) response to maximum (or RotD100)
response are the same as those of the probabilistic MCERr ground motions (Table 3.3-3). Table 3.3-4 is
included primarily for documenting values; Figure 3.3-4 provides a more comprehensible comparison of
various M7.8 response spectra and the deterministic lower-limit on MCERr response for the example
Riverside site.

Table 3.3-4  Summary of 1.8 x median and 84" percentile RotD50 (geomean) response spectra,
maximum/geomean and RotD100/RotD50 ratios, and deterministic 84" percentile RotD100
(maximum) response spectra at the example Riverside site for a magnitude M7.8 earthquake on the
San Jacinto fault at Rx = 18 km, and the deterministic MCERr response spectrum based on the
lower-limit of deterministic response (Figure 21.2-1 of ASCE 7-16)

o | & [ oo | e [ e [MET wo [ wo [ 0%

Period M7.8 Rot[550 M7.8 | Maximum/ | RotD100/ 18 x RotDl_OO RotDl_OO Lower
T(s) R(t)r:tDF?O 18x R?:ngo Geomean | RotD50 Median 84" %ile | 84" %ile Limit
84" %ile Median 84" %ile | (ASCE | (Shahi & 366 mps 366 mps | 762 mps (Fig.

762 mps 366 mps 366 mps | 7-10/16) Baker) (AIXB1) (A2xB2) | (A0xB2) 21.2-1)
0.01 0.45 0.51 0.50 1.10 1.19 0.56 0.59 0.53 0.75
0.02 0.45 0.51 0.50 1.10 1.19 0.56 0.59 0.54 0.84
0.03 0.49 0.53 0.52 1.10 1.19 0.58 0.62 0.58 0.92
0.05 0.61 0.60 0.60 1.10 1.19 0.66 0.71 0.73 1.10
0.08 0.78 0.73 0.73 1.10 1.19 0.80 0.87 0.93 1.32
0.10 0.88 0.84 0.85 1.10 1.19 0.93 1.01 1.05 1.54
0.15 0.98 1.03 1.03 1.10 1.20 1.13 1.23 1.17 1.65
0.20 0.95 1.14 1.13 1.10 1.21 1.25 1.36 1.15 1.65
0.25 0.88 1.18 1.18 1.11 1.22 1.31 1.44 1.07 1.65
0.30 0.81 1.18 1.21 1.13 1.22 1.33 1.47 0.99 1.65
0.40 0.70 1.11 1.17 1.15 1.23 1.28 1.43 0.86 1.65
0.50 0.61 1.02 1.09 1.18 1.23 1.19 1.33 0.75 1.65
0.75 0.45 0.77 0.85 1.24 1.24 0.95 1.05 0.55 1.24
1.00 0.34 0.61 0.68 1.30 1.24 0.79 0.85 0.42 0.93
1.50 0.23 0.42 0.48 1.33 1.24 0.56 0.59 0.28 0.62
2.00 0.17 0.32 0.36 1.35 1.24 0.43 0.44 0.21 0.47
3.00 0.12 0.21 0.24 1.40 1.25 0.30 0.30 0.14 0.31
4.00 0.09 0.16 0.18 1.45 1.26 0.23 0.23 0.11 0.23
5.00 0.07 0.12 0.14 1.50 1.26 0.18 0.17 0.09 0.19
7.50 0.04 0.07 0.08 1.50 1.29 0.10 0.10 0.05 0.12
10.00 0.03 0.04 0.05 1.50 1.29 0.06 0.06 0.03 0.09
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Figure 3.3-4  Plots of 1.8 times median and 84™ percentile ground motion response spectra for a
magnitude M7.8 earthquake on the San Jacinto fault system at a closest distance of Rx = 18 km,
and the deterministic MCERr response spectrum based on the lower-limit of deterministic response

based on Figure 21.2-1 of ASCE 7-16

Review of the various plots of the response spectra shown in Figure 3.3-4 provide the following insights
into the example calculation of deterministic MCEr ground motions and the underlying seismic hazard at
the Riverside site:

1)

)

©)

The deterministic lower-limit governs deterministic MCEr ground motions at all periods for the
example Riverside site, although lower-limit and 84" percentile values are similar at long periods
(e.g., at 3.0s). The deterministic lower-limit governs since at a closest distance of Rx = 18 km
from fault rupture, the NGA West-2 GMPEs substantial attenuate M7.8 84" percentile ground
motions and response spectral accelerations are below the lower-limit values of 1.65 g = 1.5F, at
short-periods and 0.93/T g = 0.6F./T at periods in the domain of constant velocity.

Comparison of M7.8 response spectra for hypothetical Site Class BC (reference) site conditions
and M7.8 response spectra for actual Site Class CD site conditions (in both cases for 84"
percentile response and other common assumptions) illustrates the importance of site conditions
and the associated site-specific value of vs 30 on the intensity and frequency content of site-
specific deterministic ground motions. Site amplification of Site Class CD is about a factor of 2
at mid and long periods (i.e., same site-specific probabilistic ground motions amplification).

Comparison of the M7.8 response spectrum calculated consistent with the methods used by the
USGS to develop the design values maps of ASCE 7-10 and ASCE 7-16 (i.e., 1.8 x median and
maximum/geomean ratios ) with the M7.8 response spectrum calculated using actual 84"
percentile response of the GMPEs (rather than 1.8 x median) and the more defendable
RotD100/RotD50 ratios of Shahi & Baker indicate a non-negligible difference in maximum
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response estimated by these two approaches (at short periods), although the difference is much
less significant than that due to the effects of site conditions.

3.3.3.4 Site-Specific MCERr and Design Response Spectra. Section 21.2.3 of ASCE 7-16 (and ASCE
7-10) defines the site-specific MCEr ground motions as the lesser of (1) the probabilistic MCERg ground
motions (Section 21.2.1) and (2) the deterministic MCEr ground motions (Section 21.2.2) at each
response period. Section 21.3 of ASCE 7-16 (and ASCE 7-10) defines the site-specific design response
spectrum as 2/3 of site-specific MCEgr ground motions (Section 21.2.3) subject to not being taken less
than 80 percent of design response spectrum of Section 11.4.5 at any period. Figure 3.3-5 illustrates these
requirements and shows plots of the probabilistic MCEr response spectrum (Section 3.3.3.2), the
deterministic MCEg response spectrum (Section 3.3.3.3), the site-specific MCEg response spectrum and
the design response spectrum for example Riverside site.

2.50
Probabilistic MCEr Spectrum
2.25 Deterministic MCEr Spectrum
= Site-Specific MCEr - min[Prob, Det]

2.00 — Site-Specific Design (2/3 x MCEr)
T? 175 —o—Minimum Design Spectrum (80%)
o
©
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(O]
o
<
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5
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2
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Figure 3.3-5  Plots of the probabilistic MCER response spectrum and the deterministic MCEr
response spectrum, the sites-specific MCER response spectrum (minimum of probabilistic and
deterministic MCER response spectra) and the site-specific design response spectrum (2/3 of the
MCER response spectrum, but not less than 80% of the design response spectrum of Section 11.4.5)
for the example Riverside site

As shown in Figure 3.3-5, the deterministic (lower-limit) MCEr ground motion are less than the
probabilistic MCEg ground motions at all periods and, therefore, govern MCERg ground motions at the
example Riverside site. In this example, deterministic MCEg ground motions govern since site hazard is
dominated by the combined effects of the highly active San Jacinto and San Andreas fault systems which
cause relatively strong, if rare, probabilistic MCEr ground motions for an effective return period (i.e.,
about 2,000 years) that is much longer than mean occurrence rate of large earthquakes on these systems
(i.e., about 200 years). It is precisely for these types of sites that the 2015 NEHRP Provisions (and ASCE
7-16) consider deterministic MCEg ground motions to be more appropriate for design.
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The example Riverside site illustrates the site-specific requirements of Sections 21.2 and 21.3 including
the lower-limit on deterministic MCEr ground motions which governs in this example, but not in general.
MCEr ground motions of all CEUS sites and most WUS sites are governed by probabilistic MCEg
ground motions. Deterministic MCEg ground motions (not defined by the lower-limit) tend to govern
site-specific MCEr ground motions at sites in WUS regions that are very close to highly active fault
systems (e.g., San Bernardino sites near the San Andreas fault system in Southern California and San
Francisco sites near the San Andreas fault system in Northern California). Deterministic MCEg ground
motions defined by the lower-limit, such as the example Riverside site, govern site-specific MCEr ground
motions at sites in WUS regions whose hazard is dominated highly active fault systems, but which are not
very close to these systems. It may be noted that the “plateau” regions of constant response spectral
acceleration (i.e., Ss=1.5 g or S; = 0.6 g) of the MCEr design values maps of Chapter 22 of ASCE 7-16
are based on the deterministic lower-limit of MCEr ground motions for hypothetical Site Class BC (vs,30
= 762 mps) site conditions.

3.3.3.5 Site-Specific Values of Design Acceleration Parameters. Section 21.4 of ASCE 7-16 defines
site-specific values of design parameters Sps and Spx (and Sws = 1.5 X Sps and Sm1 = 1.5 X Sp1) based on
the site-specific design spectrum of Section 21.3. Site-specific values of design parameters Sps and Sp1
(and Sms and Swy) are used for design in lieu of the values of these parameters determined in accordance
with Sections 11.4.3 and 11.4.4 subject to the site-specific values not being taken as less than 80 percent
of the values determined in accordance with these sections.

Section 21.4 of ASCE 7-16 incorporates significant changes to the requirements of Section 21.4 of ASCE
7-10. Section 21.4 of ASCE 7-10 requires Sps to taken as 100 percent of site-specific design spectrum at
a period of 0.2 s, but not less than 90 percent of the peak value of the design spectrum at periods greater
than 0.2s. Like ASCE 7-10, Section 21.4 of ASCE 7-16 requires Sps to be taken as 90 percent of peak
value of site-specific design spectrum at periods greater than or equal to 0.2 s, but no longer requires 100
percent of the value of the design spectrum at a period of 0.2s.

Section 21.4 of ASCE 7-10 requires Spi to be taken as 100 percent of the larger of the site-specific design
spectrum at a period of 1 s or 2 times the value of the site-specific design spectrum at a period of 2 s.
Like ASCE 7-10, Section 21.4 of ASCE 7-16 requires Spi to be taken as 100 percent of largest of the
product the site-specific design spectrum and value of the period T for the period range, 1 s <T <2 s, for
stiffer sites (vs30 ft/s > 1,200 ft/s), but now extends this requirement to larger range of periods, 1 s<T <5
s, for softer sites (Vs 30 ft/s < 1,200 ft/s).

Table 3.3-5 summarizes site-specific values of the parameters Sps, Sp1, Sps and Su: derived from the site-
specific design spectrum of the example Riverside site (Figure 3.3-5) using the requirements of Section
21.4 of ASCE 7-10 and ASCE 7-16. It may be noted that the values of these parameters are similar to
those of Table 3.3-1 that are based on Sections 11.4.3 and Section 11.4.4 of ASCE 7-10 and ASCE 7-16.

Table 3.3-5 Summary of site-specific values of the parameters Sps, Sp1, Sps and Sm: of ASCE 7-
10 and ASCE 7-16 derived from the site-specific design spectrum of the example Riverside site

Design Section 21.4 Requirement Value Section 21.4 Requirement Value
Parameter ASCE 7-10 (7-10) ASCE 7-16 (7-16)
Spbs 100% of Sgp [T = 0.25] 1.1g |90% of Sep [T > 0.25] 0.99¢
Sp1 Max{Sap [T=15],2XSap [T =25]} | 0.62¢g | Max{T X Sap [1s <T < 5s]} 0.62 g
SMs 1.5x SDs 1.65 g 15x SDS 1.49 g
Swm1 1.5 X Sp; 0.93 g 1.5 x Sp; 0.93 g
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3.4  SELECTION AND SCALING OF GROUND MOTION RECORDS

Response history analysis (whether linear or nonlinear) consists of the step-wise application of time-
varying ground accelerations to a mathematical model of the subject structure. The selection and scaling
of appropriate horizontal ground motion acceleration time histories is essential to produce meaningful
results. For three-dimensional structural analysis two-component records are used. The sections that
follow discuss the approach to selection and scaling of ground motion records as prescribed in the
Provisions (and ASCE 7), illustrate the selection and scaling of two-component ground motions.

There are three different places where response history analysis is permitted in the Provisions. The first is
the linear response history analysis procedure in Chapter 12. The second is the nonlinear response history
analysis procedure in Chapter 16. The last is in the design of structure with seismic isolation systems or
supplemental energy dissipation in Chapter 17 and 18 respectively.

Where linear response history analysis of the Standard is used, it is necessary to select and modify a suite
of ground motions to use as input in the form of ground acceleration histories. There are different
requirements for the selection and scaling of ground motion acceleration history records in each of those
sections. Each analysis procedure has a different number of ground motion acceleration records required
and requirements to scale records to the target spectrum. For each earthquake event two orthogonal
components must be provided, and prior to analysis, each component must be modified to represent the
actual seismic hazard at the site.

There are generally two approaches to ground motion modification: amplitude scaling and spectral
matching. In both cases the objective is to “fit” the pseudoacceleration spectrum computed from the
modified record to some target design spectrum. In amplitude scaling, each acceleration value in the record
is multiplied by the same scale factor such that the ordinates of the scaled pseudoacceleration spectrum and
the target spectrum coincide at some pre-selected period of vibration, or such that the average of the scaled
components from the suite of earthquakes closely matches (within some tolerance) the target spectrum. One
of the advantages of amplitude scaling is that the frequency characteristics of the original record are
preserved.

In spectral matching, the original ground motion record is nonuniformly scaled (essentially different scale
factors are used for each recorded value of the original record) such that the pseudoacceleration response
spectrum of the matched record closely matches the shape of the target spectrum. There are a variety of
approaches to achieve this goal, and procedures utilizing Fourier transforms or wavelets are the most
common. The main advantage of using spectrally matched ground motions is that a desired median
response among multiple earthquakes can be obtained with fewer records than required when amplitude
scaling is used. There is some concern, however, with spectral matching that the unique characteristics of
each ground motion record is lost. That is why there is a penalty applied to its use in the nonlinear response
history analysis procedure.

It is beyond the scope of this example to delve into the theoretical basis of ground motion selection and
modification, and for this reason the reader is referred to NIST (2011) for additional details.

3.4.1 Nonlinear Response History Selection and Scaling
This section illustrates the Chapter 16 ground motion selection and scaling approach for the design
example presented in Chapter 5.
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3.4.1.1 Target Response Spectrum.

3.4.1.1.1 Example Site and Building. The example site location used in the Chapter 5 design example is
located in San Francisco, California, just south of Market Street. The site is in the transition region of the
seismic hazard maps (where the Ss=1.5¢g and S; = 0.6g caps govern most of the design spectral values)
and the site is considered by ASCE 7-16 to be a near-fault site (because it is within 15 km of a large fault,
as discussed further in Section 3.4.2). The following provides a summary of some additional details for

this site location.

Site Class: C

Ss=1.50g, S1=0.60g
Spbs=1.00g, Sp1=0.52¢g
Seismic Design Category: C

The Chapter 5 example building illustrates a design for a 40-story reinforced concrete shear wall building.
The fundamental period of the building is 3.75 seconds and the second-mode period is 0.75 seconds. The

period range of interest for this building is 0.15 seconds (controlled by the mass participation

requirement) to 7.5 seconds (i.e. twice the fundamental period).

Figure 3.4-1 provides a regional fault map for the San Francisco California area. Table 3.4-1 and Figure

3.4-2 both provide disaggregation information for the 2% in 50 year level ground motions at this site.
This disaggregation information is provided for both Sa(0.75s) and Sa(3.75s), since individual ground
motion sets will later be selected and scaled with focus on these two periods important to the building

dynamic response.
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Figure 3.4-1. Regional Fault Map for San Francisco, California
(fault data from U.S. Geological Survey and map courtesy of Google)
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Table 3.4-1. Seismic Source Disaggregation for Example Site for 2% in 50 year Hazard [Table (a) is
for Sa(0.75s) and Table (b) is for Sa(3.75s)]

(a) Table for a period of 0.75 seconds (disaggregation run at 1.0s)

Percentage Distance
Fault Category Contribution to Fault Magnitude Epsilon
(km)
California A-faults 91% 145 7.7 15
CA Compr. crustal gridded 5% 6.5 6.3 15
California B-faults Char 4% 194 7.5 2.0
Percentage Distance
Fault Name -ntag to Fault Magnitude Epsilon
Contribution
(km)
N. San Andreas;SAO+SAN MoBal 14% 16.0 7.8 1.6
N. San Andreas;SAP+SAS MoBal 12% 13.6 75 1.6
N. San Andreas Unsegmented A-flt 7% 13.7 7.7 15
N. San Andreas;SAO+SAN+SAP+SAS
M 6% 13.6 8.0 1.3
N. S.Andr.;SAO+SAN APriori 5% 16 7.8 1.6
N. S.Andr.;SAP+SAS aPriori 5% 13.6 7.5 1.6
San Gregorio Connected Char 4% 19.4 75 2.0
Hayward-Rodgers Crk;HN+HS aPrior 3% 15.6 7.0 22
Hayward-Rodgers Creek;HN+HS MoBa 204 15.6 6.9 2.2
Average: 14.5 7.6 1.6
(b) Table for a period of 3.75 seconds (disaggregation run at 4.0s)
Distance
Fault Category Percgntage to Fault Magnitude Epsilon
Contribution
(km)
California A-faults 96% 14.3 7.8 1.3
California B-faults Char 3% 19.4 7.5 2.0
Percentage Distance
Fault Category Contribution to Fault Magnitude Epsilon
(km)
N. San Andreas;SAO+SAN MoBal 17% 16.0 7.8 1.4
N. San Andreas;SAP+SAS MoBal 10% 13.6 7.5 1.7
N. San Andreas;SAO+SAN+SAP+SAS M 7% 13.6 8.0 1.1
N. San Andreas Unsegmented A-flt 7% 13.8 7.8 1.4
N. S.Andr.;SAO+SAN APriori 7% 16.0 7.8 1.4
N. S.Andr.;SAP+SAS aPriori 4% 13.6 7.5 1.7
San Gregorio Connected Char 3% 19.4 7.5 2.0
Average: 144 7.8 1.3
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(b) PSH Deaggregation on NEHRP C soil
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Figure 3.4-2. Seismic Source Disaggregations for Example Site for 2% in 50 year Hazard
[Figure (a) is for Sa(0.75s) and Figure (b) is for Sa(3.75s)]

3.4.1.1.2 Method 1 for Single MCEr Target Spectrum. In this design example, the “Method 2” approach
will be used for creating the target spectra (often called the “scenario” or “conditional mean” spectrum
approach). Even so, this section demonstrates the process for computing the “Method 1” MCER Target
Spectrum, both for this completeness and because this is the first step to computing the Method 2 spectra.

First a site specific response spectrum must be derived using the procedures in Chapter 12 of the
Standard. Table 3.4-2 shows the resulting spectrum coming from the site specific response spectrum
procedure. For this example site, the deterministic lower limits control for most of the period ranges.

Table 3.4-2. MCEr Target Spectrum

Period (s) MCERr (Q)

0.01 0.61
0.1 1.50
0.2 1.50
0.3 1.50
0.4 1.50
0.5 1.50
0.6 1.30
0.75 1.04
1.0 0.78
15 0.53
2.0 0.40
3.0 0.28
4.0 0.21
5.0 0.16
6.0 0.14
7.0 0.13
8.0 0.11

3.4.1.1.3 Method 2 for Multiple Site-Specific Spectra. The Method 2 “scenario spectra” option is used for
the Chapter 5 design example and is illustrated in this section. Scenario spectra recognize the fact that a
uniform hazard spectrum is controlled by different earthquake "scenarios" at different periods (thereby
reducing conservatism). The scenario spectra in this example are computed using the Conditional Mean
Spectrum (CMS) approach (Baker 2011).
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To begin this process, we start with to two periods representing the important structural modes with the
most significant mass participation. In this example, these are the first mode period (3.75s) and second-
model period (0.75s); see Section 5.3.1.3 for more information on the building dynamic properties. A CMS
is then constructed such that the spectral ordinate at all other periods represents the expected value given
that the value at the conditioning period matches the MCEr.

To complete the calculation of the CMS target spectra, a publically available tool available from Stanford
(http://web.stanford.edu/~bakerjw/research/epsilon.html), is used in this example. The U.S. Geological
Survey also provides a tool to compute CMS target spectra (USGS 2008, Lin et al. 2013). If the USGS
tool is used, one would find a CMS with spectral amplitude closest to the target MCEr at the conditioning
period, and then do some minor scaling of the resulting spectrum to provide an exact match to the MCEr
at the conditioning period. Additionally, for the case that the target spectrum is controlled by the transition-
region “capped spectrum”, the CMS must be modified accordingly to account for the difference between
the uncapped and capped MCEr spectra.

In accordance with Section 16.2.1.2 of the Standard, the envelope of the scenario spectra must exceed 75%
of the target MCERr spectrum for all periods within the period range of interest (which is 0.15s to 7.5s for
this example). In this example, the 75% floor was reached near the extreme ends of the period range of
interest and thus it was deemed preferable to increase the controlling scenario spectrum at those periods,
rather than add scenario spectra, to satisfy this requirement. If the range of periods over which the 75%
floor controlled became more significant, it may then become necessary to add an additional scenario
spectrum.

Figure 3.4-3 provides an example of the two scenario spectra for this building example. One spectrum is
anchored at 0.75s, the other is anchored at 3.75s, and they fulfill the Section 16.2.1.2 requirements for the
period range of 0.15s to 7.5s.

2 T T T T T
——MCE,,
e CMS (0.758) i
e R CMS (3.75s)
16F —— 75 %% of MCE i
s Pariod range of interest
144 —|

—
N

Spectral acceleration (g)

Period (s)

Figure 3.4-3. Target Method 2 Scenario Spectra for the Example Site and Building
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3.4.1.2 Ground Motion Selection.

For each of the two scenario spectra, eleven ground motion time histories are selected and two separate
ground motion sets are formed. The traditional approach has been to select ground motions having
magnitudes, fault distances, source mechanisms, and site soil conditions that are roughly similar to those
likely to cause the ground motion intensity level of interest, and not to explicitly consider spectral shape
in ground motion selection. In many cases, however, response spectrum shape is the ground motion
property most correlated with structural response (PEER 2009), so the updated Chapter 16 selection
method includes spectral shape as an important consideration when selecting ground motions.

The selection of recorded motions occurs in two steps. Step 1 involves pre-selecting the ground motion
records in the database having reasonable magnitude, fault distance, source mechanisms, site soil
conditions, and range of useable frequencies; the PEER database is used in this example (Chiou et al. 2008).
In completing this pre-selection, it is permissible to use relatively liberal ranges because Step 2 involves
selecting motions that provide good matches to a target spectrum (which implicitly accounts for many of
the above issues).

The following lists explain the Step 1 and Step 2 criteria and Table 3.4-3 summarizes the target values and
chosen ranges for the selection of ground motions.

Step 1 Criteria for initial screening of ground motions are as follows:

= Tectonic Regime: Select recordings from the same tectonic regime as present at the site
(typical choices are active crustal regions, stable continental regions, and subduction zones;
details in Stewart et al. 2014). In this example, the seismic sources are shallow crustal events
from strike-slip faults. In the selection, we constrain to shallow crustal events but do not
constrain to only strike-slip.

= Magnitude and Distance: These parameters are obtained from disaggregation of the hazard
at a period of interest and were shown previously in Section 3.4.2.1.1. We selected ground
motions having reasonably similar magnitude and distance in order to provide generally
compatible durations and spectral contents. Since spectral shape criteria are separately
enforced in Step 2, the duration compatibility is the principal consideration. Duration is more
related to magnitude than distance, so distance criteria were not made to be strict.

= Site Soil Conditions: Site soil conditions (Site Class) exert a large influence on ground
motions, but are already reflected in the spectral shape used in Step 2. For Step 1, reasonable
limits on site soil conditions are imposed but are not made to be overly restrictive as to
unnecessarily limit the number of candidate motions.

= Useable Frequency of the Ground Motion: Only processed ground motion records should be
considered for RHA. Processed motions have a usable frequency range and the most critical
parameter is the lowest usable frequency. In the selection, the useable frequencies of the
record (after filtering) are checked, to ensure that the useable period range accommodate the
range of frequencies important to the building response.

= Pulse Characteristics (for near-fault sites): For near-fault sites, selection of pulse motions is
an important consideration. Assuming the target ground motions come from a large Northern
San Andreas rupture, we assume that there is 150 km of rupture between the epicenter and the
closest point on the rupture to the site, the site is 14 km from the closest point to the rupture,
and ‘theta’ angle associated with this geometry is then 5 degrees, the prediction equation of
Shahi and Baker (2014, equation 23) gives a 67% probability of the ground motion containing a
directivity pulse.

Step 2 Criteria for final selection of ground motions are as follows:

= Spectral Shape: The shape of the response spectrum should be the primary consideration
when selecting ground motions.
= Scale Factor: A scale factor limit of approximately 0.25 to 4.0 is not uncommon.
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=  Maximum Motions from a Single Event: Although less important than spectral shape and
scale factor, it is common to limit the number of motions from a single seismic event to three
or four motions when possible.

Table 3.4-3. Ground motion selection criteria

Scenario
Selection Parameter Scenario Spectrum  Spectrum Set for
Set for 0.75s 3.75s
Tectonic regime
Target from deaggregation Strike-slip Strike-slip
Range allowed in selection All shallow crustal ~ All shallow crustal
Earthquake magnitude (M)
Target from deaggregation 7.6 7.8
Range allowed in selection >6.9 >6.9
Site-source distance (km)
Target from deaggregation 145 14.4
Range allowed in selection 0-20 0-20
Vs30 (m/s)
Target (for Site Class C) 525 525
Range for selected motions 250-800 250-800
Period range for matching spectrum (sec) 0.15-1.75 1.75-7.5
Max. usable frequency of record (Hz) 0.5 0.1
Approximate percentage of pulse records 60% 80%
Scale factor range 0.5-3.5 0.5-3.5
Maximum motions from single event 3 3

During Step 2 of the ground motion selection process, each potential ground motion is scaled to match the
target spectrum on average over the period range of interest and then sum of squared errors are computed
between the ground motion spectrum and the target spectrum, in order to select motions that have
appropriate spectral shape. The eleven motions which fulfill all of the selection criteria with the smallest
sum of the squared errors are chosen as a ground motion suite.

The following two tables provide the properties of the ground motions used in the two ground motion
sets. Table 3.4-4 provides the information for the set selected for a 0.75s period and Table 3.4-5 provides
the information for the set selected for a 3.75s period.
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Table 3.4-4. Properties of Selected Ground Motions for Set #1 (for 0.75s period)

No. N(;A Earthquake Station Mag. Dl(s‘:?nr;ce E/rz?sg FS;(?chr Pulse? PeFr’iuoIcSJe(s)
1 779 Loma Prieta LGPC 6.9 3.9 595 0.89 No --
2 1119  Kobe, Japan Takarazuka 6.9 0.3 312 0.79 Yes 1.8
3 1158  Kocaeli, Turkey Duzce 7.5 15.4 282 1.50 No --
4 1161  Kocaeli, Turkey Gebze 7.5 10.9 792 3.22 Yes 6.0
5 1495  Chi-Chi, Taiwan TCUO055 7.6 6.3 359 2.12 No --
6 1513  Chi-Chi, Taiwan TCU079 7.6 11.0 364 1.04 No -
7 1528  Chi-Chi, Taiwan TCU101 7.6 2.1 389 2.38 Yes 10.3
8 1602  Duzce, Turkey Bolu 7.1 12.0 294 0.89 Yes 0.9
9 1605 Duzce, Turkey Duzce 7.1 6.6 282 1.13 Yes 5.9
10 4457  Montenegro, Yugo. Ulcinj - Hotel Albatros 7.1 4.4 410 2.53 No --
11 6927  Darfield, NZ LINC 7.0 7.1 263 1.71 Yes 7.4
Table 3.4-5. Properties of Selected Ground Motions for Set #2 (for 3.75s period)

No. NiA Earthquake Station Mag. Dl(slzﬁ]n)ce E/ni?s(; FS;;Er Pulse? PeI:iuoIcSie(s)
1 1158  Kocaeli, Turkey Duzce 7.5 15.4 282 0.93 No --
2 1176  Kocaeli, Turkey Yarimca 7.5 4.8 297 0.77 Yes 5.0
3 1193  Chi-Chi, Taiwan CHY024 7.6 9.6 428 1.07 Yes 6.7
4 1491  Chi-Chi, Taiwan TCUO051 7.6 7.6 350 1.44 Yes 10.4
5 1515  Chi-Chi, Taiwan TCUO082 7.6 5.2 473 1.18 Yes 8.1
6 3744  Cape Mendocino Bunker Hill FAA 7.0 12.2 566 1.12 Yes 5.4
7 4806  Wenchuan, China Bixianzoushishan 7.9 17.0 418 2.38 No --
8 4816  Wenchuan, China Mianzugingping 7.9 6.6 551 0.81 Yes 9.4
9 6927  Darfield, NZ LINC 7.0 7.1 263 0.80 Yes 7.4
10 6960 Darfield, NZ Riccarton H.S. 7.0 13.6 293 1.23 Yes 9.4
11 6962  Darfield, NZ ROLC 7.0 1.5 296 0.76 Yes 7.1

3.4.1.3 Ground Motion Modification. Because the building is located at a near-fault site, this design
example utilizes the amplitude-scaling approach rather than the spectral matching approach. This is both
to avoid the complication of demonstrating that the pulse characteristics are retained through the
matching process (as required by Section 16.2.3) and to avoid the 10% higher target spectrum required
when spectral matching is utilized (as required by Section 16.2.3.3).

The target spectrum is defined in ASCE 7-16 to be a maximum direction spectrum. Therefore, when the
ground motions are scaled to the target spectrum, the maximum direction spectral acceleration spectrum

is scaled to meet or exceed the target spectrum over the period range of interest. The scaling is not done

for the spectra in each direction of the building (e.g. x-direction versus y-direction or fault-normal versus
fault-parallel), but is rather done based on this maximum direction spectrum definition.

The following two figures show the spectra of the final two scaled ground motions sets. Figure 3.4-4
shows the set selected and scaled for a 0.75s period and Figure 3.4-5 shows the set selected and scaled for
a 3.75s period.
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Figure 3.4-4. Spectra of Scaled Ground Motion Set #1 (for 0.75s period),
with Comparison to Target Spectra
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Figure 3.4-5. Spectra of Scaled Ground Motion Set #2 (for 3.75s period),
with Comparison to Target Spectra

3.4.1.4 Application of Ground Motions to the Structural Model. In accordance with Section 16.2.4 of
ASCE 7-16, since this example site is characterized as a near-fault site, the two horizontal ground motion
components are applied to the building in the fault-normal and fault-parallel orientations.

3.4.1.5 Closing. Section 3.4.2 demonstrated the ground motion selection and scaling process for an
example design of a 40-story reinforced-concrete shear wall building in San Francisco, California. The
balance of the design example is provided in Chapter 5.

3.4.2 Linear Response History Selection and Scaling

In Section 12.9.2 of the Standard, which covers linear response history analysis, it is required that a suite
of not less than three earthquake events be used. Section 12.9.2.3 of the Standard requires spectral
matching of ground motions in linear response history analysis. There are two reasons for this requirement.
First, it is recognized that elastic response history analysis cannot be expected to “predict” the behavior of
highly nonlinear systems, and as such it is merely a tool to be used for design. The same basic philosophy
applies to the modal response spectrum method, so it seems logical to develop a response history procedure
that, in essence, uses the same response spectrum as does the response spectrum method. Second, with
amplitude scaling, it is likely that some frequencies will receive disproportionally high or low scaling, and
this can non-uniformly affect the results. Consider, for example, Figure 3.4-6a which shows the response
spectra for three earthquakes, amplitude scaled such that all three have the same spectral acceleration at a
given period of vibration (in this case 2.22 seconds). The vertical dashed lines at the left and right of the
plotted region represent the range of periods associated with the modes that will be represented in the
analysis. As is evident in the short period region, the higher modes (with lower periods of vibration) for
two of the earthquakes (G03090 and TCUO045N) have spectral amplitudes much higher than that of the
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target spectrum, and hence, the higher modes in the response will be overrepresented in the analysis. The
third earthquake, MUL279, more closely matches the target spectrum in the low period region. It is
certainly possible that a better fit could be obtained by use of different records (hot using G03090 and
TCUO45N), and trying to find additional records that provide a match more like that shown for MUL279.

The same suite of earthquakes that were modified by spectral matching is shown in Figure 3.4-6b. Here,
in the spectrum matching range, the variation in the spectral accelerations for the three matched records are
virtually indistinguishable from the target spectrum over the expected period range, and the higher modes
are not over-represented relative to the target spectrum. There are some variations outside the matching
range, particularly at low periods, but this will not affect the computed response because modes associated
with these periods are not included in the analysis.

The Standard requires that the period range used for spectral matching is 0.8 Tmin t0 1.2 Tmax, Where Tmin iS
the period at which 90% of the effective modal mass is captured, and Tmax is the largest period of vibration
for the system. The average of the matched spectra in each direction of response should not fall outside the
range of + or — 10% of the target spectrum.

It is noted that the requirements stated above are based in the implicit assumption that the analysis will be
performed using modal response history, and not direct integration of the equations of motion. If direct
integration is used in association with the matched ground motions represented in Figure 4.2-1b there will
be some “over amplification” of the higher mode response and periods less than Tmin, but this will not be as
severe as if the amplitude scaled records were used. If there is a concern, the over amplification could be
reduced by using a lower value of Tnin.

There are a variety of programs available for performing spectral matching. In the example to be presented
later, the program RSPMatch (Al Atik and Abrahamson 2010) was utilized via a special Matlab application
developed by Jayamon and Charney (2015). See also Grant and Diaferia (2012) for additional information
regarding spectrum matching.
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(a) Ground motion scaled for same ordinate at T=C,Ta
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(b) Ground motion spectrally matched over period range 0.8 Tmin t0 1.2Tmax

Figure 3.4-6. Amplitude Scaling vs Spectral Matching for Three Earthquakes

3.4.3 With Seismic Isolation and Damping Systems Selection and Scaling

3.4.3.1 Spectral Accelerations. Chapter 17 and Chapter 18 of the Standard address the design of
buildings that incorporate a seismic isolation and damping systems, respectively. These types of structural
systems have specific requirements for the seismic ground motions that are used for design which are
different than the requirements for nonlinear analysis of Chapter 16.

The Standard has incorporated new USGS design value maps and site coefficients and new site-specific
analysis requirements which, depending on the site location and site conditions, may have a significant
effect on the parameters used for analysis and design.

A ground motion hazard analysis shall be performed in accordance with Section 21.2 where either:
e For Site Class A, B and C sites, S is greater than or equal to 0.6
e For Site Class D and E sites, S; is greater than or equal to 0.2

For Site Class F, a site response analysis shall be performed in accordance with Section 21.1.

The reason for these changes is that the design response spectrum, which is defined by a constant
acceleration domain (Sws) and a constant velocity domain (Swi/T), may not be conservative at softer sites
(e.g. Site Classes D and E) and particularly at sites where the seismic hazard is dominated by large
magnitude earthquakes. Since structures with seismic isolation and damping tend to have a high
fundamental periods and are implemented on important structures in high seismic regions, it is typical
practice that the spectral accelerations of MCEg ground motions are calculated using the site-specific
procedures of Chapter 21 for a number of different periods of response (so-called multi-period MCEr
response spectra).
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3.4.3.2 Ground Motion Records Selection and Scaling.

3.4.3.2.1 Design Criteria. Ground motion records are only required when a response history analysis is
undertaken. These records are scaled to match the maximum spectral response in the horizontal plane. In
concept, at a given period of interest, maximum spectral response of scaled record pairs should, on
average, be the same as that defined by the MCERr spectrum (or other design spectrum, as required).

The ground motions are selected, scaled and applied in a similar way to Chapter 16 of Standard, with the
exception that a minimum of seven rather than eleven ground motions are required. The use of seven
motions is consistent with current practice and was considered an adequate number by the Code
committee to estimate the mean response for a given hazard level. The ground motion acceleration
records are scaled to the target spectrum differently in Chapter 17 and 18 than Chapter 16. Instead of
scaling the average of the maximum direction response spectrum from each acceleration record to be
within 90% of the target spectra at every period within a given range, the square root sum of squares of
each ground motion acceleration record pair’s response spectra ordinate is scaled to 100% of the target
spectra at ever period within a given range.

The Standard requires that these seven pairs of horizontal ground motion acceleration components must
be selected from actual earthquake records and scaled to match the MCEr spectrum (or other design
spectrum, as required), where the average value of the response parameter of interest is used for design.
Where the required number of recorded pairs is not available, say for Eastern United States, then the
Standard permits the use of simulated ground motion records.

The requirements for selection and scaling are similar for structures with seismic isolation and seismic
damping systems (Chapters 17 and 18, respectively). Differences are in the number of suites of ground
motions required and the period range of interest for scaling. This is because structures with damping
systems consider both the design earthquake and MCEg, whereas seismically isolated buildings are only
analyzed at the MCEg hazard level. Therefore, the structures with damping systems require two scaled
suites (of seven orthogonal pairs of ground motions) for response history analysis, compared to only one
suite required for seismically isolated structures.

Chapters 17 and 18 of the Standard recognize two types of scaling methods: amplitude scaling and
spectral matching (described in Section 3.4), and the Standard defines specific requirements for each.
Table 3.4-.6 lists the Standards requirements based on scaling method and proximity to an active fault,
with Table 3.4-7 listing the respective period ranges of interest for scaling.

Checking compliance with the Standard involves using the scaled ground motion records, which typically
consist of acceleration values (in units of g, cm/s?, etc) at constant increments of time (say 0.01 seconds)
to construct a 5 percent-damped response spectrum for each of the two horizontal components. For both
amplitude scaling and spectral matching, the square root sum of the squares (SRSS) of the two
components is calculated and compared to the spectrum used for design. The average SRSS spectrum (of
the seven pairs of records) shall not fall below the corresponding ordinate of the MCERr spectrum (or other
design spectrum, as required), between the period range of interest shown in Table 3.4-7. For spectral
matching and sites close to an active fault, the Standard has additional requirements where the 5%
damped spectrum of a ground motion component is compared directly to the spectrum used for design.
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Table 3.4-6 Ground Motion Records Scaling Procedures

Scaling Site Proximity to Seismicallv Isolated Structures Structures with
Method Active Fault y Damping Systems
Each pair of components shall be rotated to FN
and FP directions of the causative fault and
- . scaled so that the average spectrum (of the seven
within 3 miles .
(5km) records) of the FN and FP compqnents are not Same as for seismically
less than 100% and 50%, respectively, of the isolated structures but
corresponding MCEr spectrum ordinate between | there are two suites of
Amplitude the period range shown in Table 3.4-2. ground motions: one
Scaling For each pair of horizontal components a SRSS suite is scaled to the
spectrum shall be constructed and the average design earthquake
SRSS spectrum (of the seven pairs of records) spectrum and one suite
Other sites shall not fall below the corresponding MCERg is scaled to the MCERr
ordinate between the period range shown in
Table 3.4-2. An identical scale factor is applied
to both components of a pair
Method should not be utilized, unless: 1) a site-
within 3 miles specific response spectrum is utilized, and 2) the
(5km) pulse characteristics are included in the spectra Same as for seismicall
and retained in the individual ground motions. g y
. - isolated structures but
For each pair of horizontal components a SRSS :
there are two suites of
spectrum shall be constructed and the average .
. ground motions: one
Spectral SRSS spectrum (of the seven pairs of records) -
. . suite is scaled to the
Matching shall not fall below the corresponding MCERr desi hauak
. ordinate between the period range shown in esign earthqua €
Other sites . . spectrum and one suite
Table 3.4-2. The pair of ground motions shall be .
is scaled to the MCERr
scaled such that the response spectrum of one spectrum
component of a pair is at least 90% of the P
corresponding MCER spectrum ordinate between
the period range per Table 3.4-2.

1. Definitions: Fault-normal (FN), Fault-parallel (FP), Square root sum of the squares (SRSS)

Table 3.4-7 Ground Motion Records Period Range for Scaling

Scaling Site Proximity to Seismically Isolated Structures Structures with
Method Active Fault Damping Systems
Amplitude | within 3 miles (5km) 0.2Tmus 10 1.25Twm,8
Scaling _ .Other_snes 0.75Twus t0 1.25Tw,.8 0.2T1p 10 1.25 Ty
Spectral within 3 miles (5km) 0.2Tw s t0 1.25T
Matching Other sites e TMUB T S E9TMLE

1.  Twmus, Tms = effective period of the isolated structure at the maximum displacement Dy using upper-
bound or lower-bound properties, respectively, in the direction under consideration

2. Tip = effective period of the structure at the design displacement using upper bound properties, in the
direction under consideration

3. Tim = effective period of the structure at the MCER displacement using lower bound properties, in the
direction under consideration

3.4.3.2.2 Example of Application. Selection and scaling of appropriate ground motions should be
performed by a ground motion expert experienced with earthquake hazards of the region. Scaling should
be carried out with consideration of site conditions, earthquake magnitudes, fault distances and source
mechanisms that influence ground motion hazards at the building site. Section 3.3 gives guidance and
commentary on this process. This section makes use of the seismically isolated building design example
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of Chapter 14 to illustrate compliance with the Standards ground motion scaling requirements. The
method of scaling is similar for structures with damping systems.

The key design information for the seismically isolated building is:
Site Location, Hazard and Soil Conditions:

Site location: North Seattle

Nearest active fault: greater than 3 miles away

Site soil type: Site Class D
Short-Period Design Parameters:

Short-period MCEg spectral acceleration: Ss=1.4

Site coefficient (Standard Table 11.4-1): F,=1.0

Short-period MCERg spectral acceleration adjusted for site class (FaSs): Sws=1.4
1-Second Design Parameters:

1-Second MCEg spectral acceleration: S; =0.50

Site coefficient (Standard Table 11.4-2): F,=1.8

1-Second MCEg spectral acceleration adjusted for site class (F.S1): Smi1 = 0.9
Upper Bound Effective Period, Tu = 1.5 seconds
Lower Bound Effective Period, Tm = 2.1 seconds
Ground Motion Scaling Method: Amplitude Scaling

Since the 1-second MCERg spectral acceleration, Sy, is greater than 0.2 and the soil type is a Site Class D, a
site-specific hazard analysis is conducted in accordance Standard Section 11.4.7 requirements. For
convenience, it is assumed that the resulting MCERr response spectrum (the target spectrum) is identical to
the response spectrum developed in accordance with Standard Section 11.4.5 with spectral values as
stated above. It is also assumed that the ground motion expert recommends the suite of ground motions
and scaling factors listed in Table 3.4-8.

Table 3.4-8 Selected and Scaled Ground Motions for Seismically Isolated Building Site?

GM Distance  Scale
No. Year Earthquake name M Source type Recording station (km) factor
1 2003 Tokachi-oki, Japan 8.3  Subduction zone  HKD 094 67 3.00
2 2003 Tokachi-oki, Japan 8.3  Subduction zone  HKD 092 46 1.20
3 1968 Tokachi-oki, Japan 8.2  Subduction zone  Hachinohe (S-252) 71 1.65
4 1949 Western Washington 7.1  Deep intraplate Olympia 75 2.95
5 1989 Loma Prieta 6.9  Shallow crustal Saratoga -- Aloha Ave 9 1.65
6 1999 Duzce, Turkey 7.1  Shallow crustal Duzce 7 1.10
7 1995 Kaobe, Japan 6.9 Shallow crustal Nishi-Akashi 7 1.75

1. Motions obtained from K-NET (http://www.kyoshin.bosai.go.jp/kyoshin/quake/index_en.html), PEER Ground Motion
Database (http://ngawest2.berkeley.edu/) and with assistance from Doug Lindquist, GE of Hart Crowser, Seattle.

For this example building, the site is more than 3 miles away from an active fault, and amplitude scaling
is the chosen scaling method. In this case, the Standard requires that the earthquake records are scaled to
match a target spectrum over the period range of interest, defined as 0.75Tw determined using upper-
bound properties to 1.25Tw using lower-bound properties. This gives a period range of interest of 1.13 to
2.62 seconds for the example building of Chapter 14, which is isolated using elastomeric bearings.
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Scaling factors were developed by a ground motion expert in such a way that the average of the seven
scaled ground motions square-root-of-the-sum-of-the-squares (SRSS) combination (of each pair of
response spectra of scaled horizontal components) equals or exceeds the target (MCER) spectrum at every
period over the range of 1.13 to 2.62 seconds. These scaling factors are given in Table 3.4-8 and reflect
the total amount that each as-recorded ground motion is scaled for response history analysis. The scale
factors are applied identically to each of the two horizontal components of each ground motion. Each of
the seven ground motions has different scale factors as a two-step scaling process is used. The first step
involves scaling the SRSS spectrum of each ground motion individually so that it is a “good match” to the
target spectrum. The second step involves re-scaling all seven ground motions identically by a factor such
that the average SRSS spectra of the seven scaled ground motions does not fall below any ordinate of the
target spectrum in the period range of interest. The final scale factor therefore consists of the product of
the initial scale factor and the second scale factor.

Figure 3.4-7 gives the unscaled acceleration histories for ground motion (GM) number 3, in Table 3.4-8.
The two components of horizontal acceleration are usually oriented orthogonally to one another. The peak
acceleration in these records is 0.3g which, after scaling, would becomes a peak acceleration of 0.5g. The
scaling can be applied to the acceleration histories themselves or, equally, the unscaled record can be
input and then scaled in the analysis software (e.g. ETABS).
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0.1 | wl 1
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Figure 3.4-7 Unscaled horizontal acceleration histories for GM3 (1968 Tokachi-oki earthquake)

The 5-percent damped response spectrum for each ground motion component can be constructed using a
range of software (e.g. Seismosignal). The scaled response spectrum for each of the acceleration histories
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in Figure 3.4-8 are shown in Figure 3.4-9. The SRSS combination of these two components is also shown
in comparison to the target MCEr spectrum for the North Seattle site. Over the period range of interest
there is a reasonable fit of this ground motion to the target spectrum with a moderate scale factor of 1.65.

2
—— Target

. ——SRSS
Period Range - - - East-West
— - -North-South

=
o

Acceleration (g)

0.5

0 H
0 1 2 3 4

Period (seconds)
Figure 3.4-8 Scaled horizontal response sepctra for record 3 (1968 Tokachi-oki) earthquake

The SRSS combination of one ground motion’s response spectra is permitted to be below the target
spectrum over the period range of interest, as shown in Figure 3.4-8, provided that the average SRSS from
all seven motions does not fall below the spectrum at any ordinate over the period range. Figure 3.4-9
compares the individual and average spectrum of the SRSS combination to the target spectrum. This
figure shows:
= The scatter of the SRSS combination of each of the seven ground motions compared to the target
spectrum.
= That the average of the seven SRSS combinations of scaled records envelop the MCEr spectrum
from 1.13 seconds (0.75Tw,us) to 2.62 seconds (1.25Twm,8), as required by Standard
Section 17.3.2.
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Figure 3.4-9 Comparison of the MCERr target spectrum with the SRSS combination of
individual ground motion components and average spectrum of the seven scaled records
listed in Table 3.4-3
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This chapter presents a detailed example that focuses on the seismic analysis of building structures using
the linear procedures of Chapter 12 of ASCE 7-16. The system analyzed is a 12-story special moment
resisting steel frame building in Stockton, California. The highly irregular structure is analyzed using three
techniques: equivalent lateral force analysis, modal response spectrum analysis, and linear response history
analysis. In each case, the structure is modeled in three dimensions. The results from each of the analyses
are compared, and the relative merits of the different analytical approaches are discussed.

Prior to presenting the example, the chapter provides a summary of the relevant changes and additions in
analysis requirements that are provided in ASCE 7-16 relative to ASCE 7-10. Many of these changes were
addressed in a similar fashion in the 2015 NEHRP Provisions, and differences between the requirements in
ASCE 7-16 and the 2015 NEHRP Provisions are briefly discussed.

Also provided in this chapter is a detailed theoretical background of the mathematical and modeling
procedures used to perform seismic design related structural analysis. This is done to provide an
appreciation for a host of assumptions that have been utilized to allow (in some cases) very simple 2-
dimensional linear static analysis in lieu of more advanced procedures that explicitly account for nonlinear
dynamic 3-dimensional response.

In the discussion that follows, ASCE 7-16 is referred to as the Standard, and the 2015 NEHRP Provisions
are referred to as the Provisions. Several other documents are cited in the discussion, and these are listed
as follows:

B Al Atik and An Improved Method for Nonstationary Spectral Matching,
Abrahamson (2010) Earthquake Spectra, 26(3), 601-617.

B Chopra (2012) Dynamics of Structures, 4th Edition, Prentice Hall
B Grant and Diaferia Assessing Adequacy of Spectrum Matched Ground Motions for

(2012) Response History Analysis, Earthquake Engineering and
Structural Dynamics, 42(9), 1265-1280.

B Howell (2007) Statistical Methods for Psychology, Thompson Wadsworth.
B Jayamon and Multiple Ground Motions Response Spectrum Matching Tool for
Charney (2015) Use in Response History Analysis, Proceedings of the 2015
Structures

Congress, Portland, OR.

B NBS(1978) Tentative Provisions for the Development of Seismic Regulations
for New Buildings (ATC 3-06)

B NIST (2010) Evaluation of the FEMA P-695 Methodology for Quantification of
Building Seismic Performance Factors (NIST GCR 10-917-8)

B NIST (2011) Selecting and Scaling Earthquake Ground Motions for
Performing Response-History Analysis (NIST GCR 11-917-15)
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B NIST (2012a) Tentative Framework for Development of Advanced Seismic
Design Criteria for New Buildings (NIST GCR 12-917-20).

B NIST (2012b) Soil-Structure Interaction for Building Structures (NIST GCR 12-
917-21).
B NUREG (2014) Standard Review Plan for the Review of Safety Analysis Reports
for Nuclear Power Plants (NUREG-800)
B Wilson and Static and Dynamic Analysis of Multi-Story Buildings Including
Habibullah P-Delta Effects, Earthquake Spectra, 3(2).
(1987)

The authors would like to acknowledge the assistance on this project of Virginia Tech graduate students
Adrian Tola and Jeena Jayamon. Mr. Tola performed the analysis of the 12-story building on ETABS, and
Ms. Jayamon performed the matching of ground motions utilized in the linear response history analysis.
Dr. Francisco Flores, a former Virginia Tech student, worked on the preliminary analysis and design of the
structure, and performed analysis using SAP 2000.

Also, it is noted that the example analysis presented in this chapter is based on the analysis of a similar
structure in Chapter 4 of FEMA P-751.

Computers and Structures International provided the ETABS 2015 and SAP 2000 software used for the
analysis at no cost to the authors.

4.1 NEW PROVISIONS FOR LINEAR DYNAMIC ANALYSIS IN FEMA P-1050 AND
ASCE 7-16

All of the changes related to linear dynamic analysis were initially proposed for inclusion in the 2015
NEHRP Provisions, and were then addressed and adopted, with some modifications, by the ASCE 7-16
standard. The changes incorporated into ASCE 7 are described first, and then the differences relative to
the Provisions are discussed. It is noted that items not specifically related to structural analysis but pertinent
to this chapter (e.g. changes to the site modification factors) are not included in the following discussion,
but were included in the example calculations.

4.1.1 Changes in the ASCE 7-16 Standard
The following changes were made in the ASCE 7-16 Standard:

1) Section 12.8.4.2 was modified to exempt accidental torsion requirements in certain situations, as
follows:

EXCEPTION: For structures assigned to Seismic Design Category B, the accidental
torsional moments (Mta) need not be included in the design of buildings that do not have a

Type 1b horizontal structural 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.
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2) Section 12.9 has been renamed “Linear Dynamic Analysis”, and has been divided into two sub-sections,
one for Modal Response Spectrum analysis (Section 12.9.1) and one for Response History analysis (Section
12.9.2).

3) The Modal Response Spectrum (MRS) procedure of Section 12.9 of ASCE 7-10 was moved to Section
12.9.1, and several significant changes were made. These changes are summarized as follows:

a. Three-dimensional analysis is required for all systems analyzed using MRS procedures.

b. In ASCE 7-10 it was required to include a sufficient number of modes to capture not less than
90% of the system mass in the direction of response. For some systems it takes a large number of
modes to capture 90% of the mass, so a provision was added to enable the use of rigid-body
modes. This procedure is not required, and the ability to capture the required mass using only the
natural mode shapes was retained as an exception.

c. In ASCE 7-10 is was required to scale the results of modal response spectrum analysis such that
the dynamic base shear was not less than 85% of the Equivalent Lateral Force (ELF) base shear
in the given direction. This requirement was changed to require that the dynamic base shear be
not less than 100% of the ELF base shear in each direction of response.

d. The commentary associated with combination of response parameters computed (using SRSS or
CQC) was clarified.

4) The Linear Response History (LRH) analysis procedures that were in Section 16.1 of ASCE 7-10 have
been deleted, and new provisions were developed and placed in Section 12.9.2 of ASCE 7-16. While the
revised LRH procedures are similar to those in ASCE 7-10, several important changes were made as
follows:

Three-dimensional analysis is required for all systems analyzed using LRH procedures.

Accidental torsion, where required, must be included by physically offsetting the center of mass.

P-Delta effects must always be included directly in the analysis.

Spectrally matched ground motions must be used.

Requirements for the number of modes to use in analysis (where modal response history analysis

is used) were made consistent with the updated provisions for MRS analysis.

f.  Requirements for scaling the results to 100% of the ELF seismic base shear were made consistent
with the updated requirements provisions for MRS analysis.

g. Itisrequired to combine the effects of ground shaking in orthogonal directions.

h. Procedures for scaling of the results were clarified.

®Po0 o

5) The Nonlinear Response History (NRH) analysis provisions in Chapter 16.2 of ASCE 7-10 have been
deleted, and new provisions were developed and placed in Chapter 16 of ASCE 7-16.

4.1.2 Differences between ASCE 7-16 and the 2015 NEHRP Provisions.

With the exception of several editorial changes, the modified modal response spectrum and linear response
history analysis provisions that are incorporated into ASCE 7-16 are essentially the same as those that are
included in the 2015 NEHRP provisions.
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4.2 THEORETICAL BACKGROUND

In this section, the various analysis procedures available in Chapters 12 of the Standard are described from
a theoretical perspective, starting with the most general approach, linear response history (LRH) analysis,
and ending with the simplest approach, the equivalent lateral force (ELF) method. Also presented are issues
related to system modeling, selection and modification of ground motions, and some statistics that provide
insight on computational requirements for the various methods of analysis. Emphasis is placed on the linear
procedures throughout.

4.2.1 Analysis Procedures

In the example presented in Section 4.3 of this chapter, three methods of structural analysis are utilized for
determination of design forces and deformations; the Equivalent Lateral Force (ELF) procedure, Modal
Response Spectrum (MRS) analysis, and Linear Response History (LRH) analysis. Each of these
procedures and methodologies are described below, and advantages and disadvantages of each are
presented and discussed.

4.2.1.1 Linear Response History Analysis by Direct Integration of the Equations of Motion.

The equations of motion (EOM) used in linear response history analysis are presented in Eg. 4.2-1, wherein
it is assumed that the structure is modeled in an X-Y-Z Cartesian coordinate system with the X and Y axes
being horizontal, and Z vertical.

MU1)+CU@0)+ K, U(t) + Ko (DU (1) = Fy = M (v (1) + 1y (1)) [4.2-1]

The terms in the equation are defined as follows:

U, U®), U(r) Relative accelerations, velocities, and displacement at
the individual degrees of freedom

M System mass matrix

C System inherent damping matrix

Kk System elastic stiffness matrix

Ka(t) System geometric stiffness matrix

Fe Gravity forces acting on the system

i,y (1) Ground acceleration history in the translational X
direction

Uy (1) Ground acceleration history in the translational Y
direction

I, Ground motion influence vector in the translational X
direction

I, Ground motion influence vector in the translational Y
direction

Before proceeding, some important aspects of selected terms are provided as follows.

o The accelerations, velocities, and displacements are called “relative” because they are based on
the deformation of the system relative to the base of the structure, and do not include the rigid
body components of ground motion. The base of the structure is defined in Chapter 11 of the
Standard as “the level at which the horizontal seismic ground motions are considered to be
imparted to the structure”.
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e The inherent damping matrix, C, remains constant and accounts for natural sources of energy
dissipation in the structural and nonstructural system, not including soil/foundation radiation
damping, inelastic material behavior, or added mechanical devices. C cannot be developed from
first principles, and when explicitly formed, is generally taken as a linear combination of mass
and elastic stiffness such that C=agM + a1Kg, where ap and a; are scalar parameters determined to
produce specified damping ratios at two selected frequencies. Damping ratios at other
frequencies are dependent on the proportionality constants and on the frequency, i.e.
x(W)=0.5(a, | w+a,Ww). Itisnoted, however, that C is not needed when the equations of

motion are uncoupled, and instead, damping ratios can be assigned arbitrarily to each uncoupled
equation.

e The elastic system properties represented by Ke are used even though it is expected that
significant inelastic response will occur when the structure is subjected to design level ground
motions. Inelastic effects are accounted for by analyzing the system for force levels that are 1/R
times the elastic demands, and multiplying computed elastic displacements by C4/R. See the
ATC 84 report (NIST, 2012a) for a review of some of the consequences of this assumption,
particularly as it relates to very short period or very long period structures.

e The geometric stiffness, Kg(t) varies with time because it is dependent on the current axial forces
in the elements of the structure. Hence, strictly speaking, equations 4.2-1 are nonlinear.

e The gravity forces, Fg, must be applied to the system prior to the application of ground motions,
and then held constant during the analysis.

e The ground motions in the two orthogonal directions must be applied simultaneously due to the
nonlinearity associated with the geometric stiffness.

A numerical procedure such as the Newmark method (see Chopra, 2012) is used to solve the equations, and
iteration is required due to the nonlinearity associated with geometric stiffness. While the computed
response is arguably the most accurate that can be obtained for elastic systems, the computer time required
to obtain a solution can be high (relative to the other methods described in this section) and it is difficult to
scale results (to the ELF base shear) because the X and Y directions responses must be obtained
simultaneously.

A variation of Eg. 4.2-1 presented in Egs. 4.2-2a and 4.2-2b, eliminates iteration by using a constant
geometric stiffness, Kso, Which is determined from a separate gravity load analysis. Now, the equations are
fully linear and elastic superposition of results is allowed. As a result the gravity loading need not be carried
through the analysis. For the same reason, the two horizontal components of ground motion can be analyzed
separately, the results in each direction can be independently computed, scaled if necessary, and then added
to the results obtained from the separately executed gravity load analysis.

MU(1)+CU () + K U(t)+ K 5,U(t) = ~Muyii, (1) [4.2-2a]
MU@®)+CU @)+ K U () + K ;,U () = =My, , (1) [4.2-2D]

It is noted that the assumption of a constant geometric stiffness will introduce some error into the solution
of three dimensional systems which display significant global torsional response. (Wilson and Habibullah,
1987).

While iteration is eliminated, the solution time required for analysis by direct integration is significantly
greater than required for modal analysis, and storage requirements are also greater due to the need to store
the system displacements at each degree of freedom for each time step analyzed. For these reasons, and
due to difficulty in scaling results, performing response history analysis by direct integration is not
recommended, even though it is specifically allowed by the Standard.
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4.2.1.2 Linear Response History Analysis by Modal Superposition. Eqns. 4.2-3a and 4.2-3b are a
somewhat simplified form of the EOM in which the elastic stiffness Ke and the initial geometric stiffness
Ko have been added to produce the linear system stiffness K=Kg + K.

MU(t)+CU @)+ KU(t) = -Muyii, (1) [4.2-3a]
MU 1)+ CU(t) + KU(t) = ~Muyii, , (1) [4.2-3D]

The equations may be uncoupled by representing the global displacement vector at any time as a linear
combination of the individual modal responses

nmodes

U(t) = 2 ¢1yz(t) = ¢1yl (t) + ¢2y2 (t) + ¢3y3 (t) Tt nm()desynmodes (t) [42'43]

where ¢ is an individual mode shape and y(t) is a scalar history of modal amplitude multipliers associated
with the shape. The mode shapes and vibration frequencies o are determined by solution of the eigenvalue
problem, Kg=»?M¢. The maximum number of mode shapes that can be obtained, nmodes, is equal to the
number of mass degrees of freedom in the structure. Alternate bases to represent system deformations,
such as Ritz vectors, may offer some advantages. The reader is referred to Chopra (2012) for details.

Eq. 4.2-4a can be re-written in matrix form as

(1)

Un=oY(n=| ¢, ¢, .. ¢mm] yzf” [4.2-4b]

_ ynmu;zm(t) |
Substituting Eq. 4.2-4b and its time derivatives into Eq. 4.2-3a gives
M®Y (1) + COY (1) + KDY (1) = -Muyii,  (t) [4.2-5]
Pre-multiplying each side of Eq. 4.2-5 by the transpose of the mode shape matrix results in
O'MOY (1) + D'CDY (1) + DT KDY (1) = -® Muyii, (1) [4.2-6]

Due to the orthogonality property of the mode shapes the triple matrix products on the left hand side of Eqg.
4.2-6 result in diagonal “generalized” matrices, with each diagonal term represented by the symbol m*, c*,
or k* for the given mode. Thus, for the ith mode, the following equation can be written
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m;¥;(0+ ¢ 3,0+ y, (1) = =9 Muyi, (1) [4.2-7]

where, for example, m; = £ M.

Eq. 4.2-7 is a single degree of freedom equation of motion with the modal multiplier history, yi(t) as the
principal unknown. This equation can be easily solved using a variety of procedures. Due to the presence

of the generalized damping term c;in Eq. 4.2-7, which is not obtainable from first principles, it is

convenient to divide all terms in the equation by the generalized mass (which will never be zero) resulting

in

¢ . k. "M, .. [4.2-8]
L4y == 2 M )

m. m, m

1

j}l‘(t)‘*

which may be written as
yi (t) + 2§ia)iyi(t) + a)izyi(t) = _riXI;ig,X (t) [4'2-9]

where & is the damping ratio, @ is the circular frequency of vibration, and I is the modal participation
factor in the given mode. Now, the modal damping ratios (usually 0.05) can simply be assigned to the
mode. Note that the value of the modal participation factor is dependent on the method used to normalize
the mode shapes because, as seen from Eq. 4.2-8, there is one mode shape in the numerator, and two in the
denominator (in the m* term) of the collection of terms that represent I'. This is not an issue in the analysis
because the normalization factors cancel out in the formation of the product £y,(¢) .

After each of the modal response histories yi(t) are obtained, the full system response, in the original
coordinate system, is obtained using Eq. 4.2-4a.

In terms of solution efficiency, the vast majority of the time required to perform an analysis using modal
superposition is associated with the computation of the mode shapes and frequencies. To minimize this
time, some solution accuracy is sacrificed by solving only a subset of modal responses, starting with the
mode with the lowest natural frequency (greatest period) and including all modes up to mode n where n <
nmodes.

The minimum number of modes to include in the analysis is specified by the Standard in Section 12.9.2.2.4,
which refers to Section 12.9.1.1, and is as follows:

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 a sufficient modes to capture participation of 100% of the structure’s 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.

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.
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The language in the exception is the same as specified in ASCE 7-10, and this approach can be used for
any structure. In some cases, however, a significant percentage of the mass is associated with very high
frequency modes, and it takes a large number of modes to capture more than 90% of the mass. In this case,
it is possible to capture 100 percent of mass by use of the “static correction method”, which includes all
modes with periods less than 0.05 seconds (20Hz) as “rigid body” modes.

The mass participation of a given mode, called the effective modal mass, is determined by considering the
forces acting on the system at a given point in time. These can be represented as

F(0)=K1G,s,(1) [42-10]

where s(t) represents the solution to 4.2-9 if [=1.0. Given that for any mode K £, = W/ M £, Eq. 4.2-10 can
be re-written as

E(t)= MTGW:s,(t) [4.2-11]
The total base shear in the mode can be written as
Vi(t) =M TG, s, (1) [4.2-12]

Transposing the right hand side and multiplying numerator and denominator by the generalized mass in the
mode results in

FIMly G miws (1) = G s (1)

L

()= [4.2-13]

*

1

In Eq. 4.2-13 the term /s, (¢)is the modal acceleration, and the product G2, is the effective modal mass

in the mode. This effective mass value is independent of the way the mode shapes are normalized, and the
sum of the values for all the modes is equal to the total mass of the system. Most of the mass will be
associated with the lower modes, so only a small fraction of the total modes in a MDOF system are required
to obtain an acceptable solution.

4.2.1.3 Modal Response Spectrum Analysis. Modal response spectrum analysis is similar to modal
response history analysis from the perspective that the uncoupled equations of motion are utilized, but
instead of computing the complete history of response for each mode, the absolute value of the maximum
modal response, Yimax, iS obtained from a response spectrum. The response spectrum used to provide Vi max
may be based on a given ground motion, the average of several ground motion spectra, or may be empirical.
Since, in the development of the response spectrum, the sign (positive or negative) and the time of
occurrence of the maximum modal response are lost (or are never determined in the case of empirical
spectra), the total system response must be obtained statistically instead of by direct addition of individual
modal responses.

When the response spectrum approach is used, the individual modal maxima are obtained as shown in Eqg.
4.2-14 for ground shaking in the X direction

=G, S, [4.2-14]

yi,max
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where Sqi is the spectral displacement amplitude for the period of vibration associated with mode i. A
similar equation would be used to compute the Y direction response.

It is impossible to capture the exact response of the system, even if all the modes are included, because the
true sign (positive or negative) of the modal response, and the time of maximum response is not available.
Additionally, even if this information was available, the modes could not be directly combined because the
maximum quantities would generally occur at different times in the response. For this reason, the combined
response is determined approximately by using statistical combinations, such as the square root of the sum
of the square (SRSS) of the modal responses, or by the complete quadratic combination (CQC) approach,
or one of the several CQC descendants. The computation of the response by statistical means rather than
by direct addition of the true modal responses introduces some error into the response relative to the modal
response history approach. However, given that an empirical response spectrum is used, and that the true
inelastic behavior of the response is not evaluated, the error is considered to be insignificant from a design
perspective.

Where a 3-D analysis is used, it is generally preferred to use the CQC method to combine modal responses,
as this method provides more accurate results when the modal frequencies are closely spaced (e.g the
periods for two modes, one with dominant response in the X direction, and the other with a dominant
response on the Y direction, are nearly identical).

It is important to note, however, that there are two distinct advantages of the modal response history
approach relative to the response spectrum method. First, in the response history method, the true signs of
the deformations and the member actions are known, and second, the true force interactions (e.g. bending
moments in a column at the time of maximum axial force) are available.

4.2.1.4 Equivalent Lateral Force Analysis

The Equivalent Lateral Force (ELF) method is essentially a one-mode response spectrum approach which
utilizes an empirical mode shape, and which assigns 100% of the mass to the single mode. The method
was developed for analysis of 2-Dimensinal (planar) structural systems with regular mass and stiffness
distribution along the height. For this reason, Standard Table 12.6-1 imposes restrictions on the use of the
method (no torsional irregularities, no vertical stiffness or mass irregularities). For long period systems (T
> 3.5Ts) it has been shown that the empirical mode shape is not capable of representing higher mode effects,
thus an additional restriction is placed on the use of ELF for these systems even when the structure has none
of the stated irregularities.

The equilibrium equations for 3-D structural systems as used in the ELF method are presented in Eq. 4.2-
15:

KU=F+T [4.2-15]

where K is the stiffness matrix, U are the computed nodal displacements, F are the equivalent lateral forces
determined in accordance with Standard Equation 12.8-12, applied at the center of mass of the floor plates,
and T are the amplified accidental story torques computed in accordance with Standard Sections 12.8.4.2
and 12.8.4.3. Where P-Delta effects are included directly in the analysis, K=Ke+Kgo, otherwise K=KE.

It is recommended that P-Delta effects always be included directly in the analysis. For three-dimensional
models, “accurate” evaluation of P-Delta effects requires that all gravity load-resisting elements be included
in the analysis, and that design level gravity loads are applied to the model prior to the application of lateral
loads. Performing analysis in this manner will include torsional P-delta effects (due to rotation about the
vertical axis), which are neglected in the procedures provided in Section 12.8.7 of the Standard. The
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evaluation of 6, used for assessing compliance with Standard Equation 12.8-17 (6 < 6max), Can be based on
analysis with and without P-delta effects, wherein 6=1- (A¢/Ar), and Ar and Ao are story drifts computed
with and without P-Delta effects, respectively.

4.2.2 Modeling Systems for 3-D Response

The current ASCE 7 analysis requirements evolved from the Tentative Provisions for the Development of
Seismic Regulations for New Buildings (NBS, 1978), more commonly known as ATC 3-06. In the era of
development of ATC 3-06 personal computers were not readily available, so analysis procedures were
based on simplified two-dimensional mathematical models. The emphasis on 2-D models still existed in
ASCE 7-10, but a movement was made towards the requirement for 3-D analysis in ASCE 7-16, where 3-
D models are required for response spectrum analysis and for linear and nonlinear response history analysis.
Prior editions of the standard required 3-D analysis only when horizontal irregularities 1a, 1b, 4, or 5
existed, or where the diaphragm could not be represented as rigid. ASCE 7-16 maintains these requirements
for structures analyzed using the ELF method, and based on these requirements it is more likely than not
that 3-Dimensional analysis will be required. Additionally, it is noted that modern computer software easily
accommodates 3-D modeling. Given the above, this section focuses on the development of 3-D
mathematical models, with emphasis on modeling where the modal response spectrum or the modal
response history methods of analysis are used.

Modeling the full structural system

To the extent practicable, the “full structural system” should be represented in the mathematical model.
This system includes all of the elements of the lateral load resisting systems, the gravity framing system,
the floor and roof diaphragms, and foundation and soil characteristics where soil-foundation-structure
interaction is included in the analysis. While this approach may not yet be common practice, the authors
feel that the use of such an approach provides the most robust analysis possible (with the exception of the
fact that inelastic effects are not considered), and that using modern software tools, the additional effort
required to develop a full system model has marginal impact on the total analysis/design effort.

Before proceeding with modeling recommendations, it is noted that the purpose of including the gravity
system is to (a) provide a realistic distribution of gravity forces throughout the structure as needed to
represent P-delta effects, and (b) to provide vertical support for diaphragm elements. It is important to note
however, that the gravity framing should be modeled such that it does not influence the lateral elastic
stiffness of the structure. The modeling of the diaphragms is important for the purpose of (a) distributing
floor and roof mass throughout the structure, and (b) producing a realistic force transfer between lateral
load resisting systems. As with the gravity system, the modeling of the diaphragms should not influence
the overall lateral stiffness of the structure.

Modeling the Gravity System

Only the major gravity elements of the gravity system need be included (beams and columns), and they
should be modeled as pinned-pinned such that they do not develop any shear due to lateral loads. For
structures of simple geometry a few strategically located “leaning columns” could be used in lieu of
modeling the gravity system. This approach is not practical for the structure analyzed in this example
because the complex geometry makes it difficult to determine the appropriate location of and axial forces
in the leaning columns. It is important to note that for structures of simple geometry where leaning columns
might be used, the use of a single leaning column located at the center of the structure should be avoided
because it is difficult if not impossible to obtain the proper spatial distribution of gravity forces that are
necessary to represent lateral softening (P-Delta effects) and rotational softening (P-Theta effects) that are
associated with geometric nonlinearity.
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Gravity Loads used in P-delta Analysis

The gravity loads to be used in analyses incorporating P-Delta effects should be taken as 1.0 times dead
load plus 1.0 times design live load plus 0.2 times snow load, if applicable. A factor of 0.5 on the live load
is allowed for all occupancies in which L, in Standard Table 4-1 is less than 100 psf, with the exception of
garages or places of public assembly.

Mass

There are a variety of ways to model mass in the system, and in some cases, mass is automatically included
for the structural elements (beams, columns, diaphragm elements). The authors recommend a different
approach, wherein the mass density of structural materials is set to zero, and all of the system mass
(including vertical mass) is input directly using point, line, or area masses. Using the direct mass modeling
approach makes it easier to obtain an accurate representation of the system mass, and it makes it easier to
accommaodate relocations of center of mass associated with accidental torsion.

Where only horizontal ground shaking is used in the analysis, and where vertical accelerations and
associated vertical inertial forces resulting from horizontal shaking are expected to be small relative to
horizontal accelerations and forces, the exclusion of vertical mass in the mathematical model may
significantly reduce the number of modes required to obtain an accurate solution.

Floor and Roof Diaphragms

Section 12.3.1.2 of the Standard sets the conditions wherein rigid diaphragms may be used in the analysis,
and one of the requirements is that the structure have no horizontal irregularities. Given that the lack of
such irregularities is rare (the example building used in this chapter has Horizontal Irregularity Types 1a,
2, and possibly3), the diaphragm will very often need to be modeled as semi-rigid. Even where rigid
diaphragms are allowed, the main incentives for using them are (1) to reduce storage requirements and
solution times for analysis run on personal computers, and (2) to avoid additional labor required to model
the diaphragm using finite elements. Current computer capabilities are such that analysis is virtually
instantaneous even for systems modeled with semi-rigid diaphragms, and the modeling of the diaphragm is
not difficult when graphical used interfaces are employed. Hence, the use of semi-rigid diaphragms is
practical, and is recommended for most structures.

Typically, the semi-rigid diaphragm will be modeled using shell elements which are semi-rigid in plane,
and which have significant out-of-plane bending stiffness. However, the out-of-plane stiffness should be
modified to near-zero to prevent the development of bending moments in the diaphragm, which if present,
will reduce the moments in the elements of the main lateral force reciting system. (While the diaphragms
have the capability to resist bending, the ductility of the diaphragm elements that resist bending is unknown,
and is certainly less than the ductility of the lateral load resisting system).

In most cases a very coarse mesh may be used for modeling the diaphragms, and only one finite element is
needed for each (rectangular) bay of the system. If a finer mesh is used, nodes will need to be placed within
the interior regions of the diaphragm, and this may lead to “instabilities” associated with a lack of vertical
or rotational restraint (which is caused by to the zero out-of-place stiffness requirement). These issues may
be resolved by restraining the interior diaphragm nodes in the vertical and rotational directions, or by
modeling the diaphragms using shell elements and using a very small out of plane stiffness.

Damping
Methodologies for modeling damping depend on the analysis approach used. For linear analysis, the
damping should not be taken as greater than 5% in any included mode of response.

The requirement for a ceiling of 5% damping can be difficult to obtain where analysis is performed using
direct integration of the equations of motion and where the damping matrix C is represented as stiffness
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mass and stiffness proportional (using Rayleigh damping). In such a case the damping ratio may be
specified at only two frequencies, and the damping at other frequencies may be higher or lower than the
specified amount. If the maximum damping ratio is limited to 5% for any frequency, the average damping
ratio across all included frequencies will be less than 5%.

Where modal response history analysis is used, 5% damping should be specified in each included mode.
In modal response spectrum analysis, the damping is incorporated into the development of the response
spectrum and need not be specified on a modal basis. It is noted, however, that the damping ratios are
required separately as a parameter in the CQC modal combination procedure, and this value should be set
to 5% in each included mode.

Damping of 5% critical is inherently included in the seismic ground motion parameters Sps and Spz that are
used in the ELF method, and need not be specified separately in the analysis.

Equivalent viscous damping should never be used to represent increased damping due to the use of added
damping devices. Instead such devices (often with nonlinear characteristics) should be explicitly included
in the mathematical model. Chapter 18 of ASCE-16 provides requirements for the analysis of structures
that incorporate added damping devices.

Foundation and Soil Modeling

In many cases it is necessary or even advantageous to model the effects of soil-foundation-structure
interaction. The reader is referred to the NIST document Soil-Structure Interaction for Building Structures
(NIST, 2012b) for details.

Scaling of Results

Where modal response spectrum or modal response history analysis is used, the Standard requires that all
component forces are scaled such that, in each direction of response, the base shear computed from the
dynamic approach (MRS or MRH) is not less than the design base shear obtained using Eq. 12.8-1. Since
the fundamental period of the structure used in the dynamic analysis is generally greater than ELF’s upper
limit period C,Ta, the results coming from the dynamic analysis will generally be scaled up. If it happens
that the base shears from the dynamic analysis are greater than the ELF shears, they should not be scaled
down.

Orthogonal Load Combinations

Where response history analysis by direct integration of the equations of motion is used, and where P-delta
effects are updated based on current element forces, the ground motions in the two orthogonal directions
must be run simultaneously, making it difficult to scale the results in strict accordance with the standard.
However, when any of the other dynamic analysis methods (MRS, MRH) are used, the ground motions
may be applied independently in the orthogonal directions, and the responses in the individual directions
can be appropriately scaled prior to combining the results in the two orthogonal directions.

4.2.3 Selection and Modification of Ground Motions

Where response history analysis is used, it is necessary to select and modify a suite of ground motions to
use as input in the form of ground acceleration histories. In Section 12.9.2 of the Standard, which covers
linear response history analysis, it is required that a suite of not less than three earthquake events be used.
For each earthquake event two orthogonal components must provided, and prior to analysis, each
component must be modified to represent the actual seismic hazard at the site.

There are generally two approaches to ground motion modification: amplitude scaling and spectral
matching. In both cases the objective is to “fit” the pseudoacceleration spectrum computed from the
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modified record to some target design spectrum. In amplitude scaling, each acceleration value in the record
is multiplied by the same scale factor such that the ordinates of the scaled pseudoacceleration spectrum and
the target spectrum coincide at some pre-selected period of vibration, or such that the average of the scaled
components from the suite of earthquakes closely matches (within some tolerance) the target spectrum. One
of the advantages of amplitude scaling is that the frequency characteristics of the original record are
preserved.

In spectral matching, the original ground motion record is nonuniformly scaled (essentially different scale
factors are used for each recorded value of the original record) such that the pseudoacceleration response
spectrum of the matched record closely matches the shape of the target spectrum. There are a variety of
approaches to achieve this goal, and procedures utilizing Fourier transforms or wavelets are the most
common. The main advantage of using spectrally matched ground motions is that a reasonable variation
in response among multiple earthquakes can be obtained with fewer records than required when amplitude
scaling is used.

It is beyond the scope of this example to delve into the theoretical basis of ground motion selection and
modification, and for this reason the reader is referred to NIST (2011) for additional details. See also Section
3.4 of this publication (FEMA P-1051). It is noted, however, that Section 12.9.2.3 of the Standard requires
spectral matching of ground motions in linear response history analysis. There are two reasons for this
requirement. First, it is recognized that elastic response history analysis cannot be expected to “predict”
the behavior of highly nonlinear systems, and as such it is merely a tool to be used for design. The same
basic philosophy applies to the modal response spectrum method, so it seems logical to develop a response
history procedure that, in essence, uses the same response spectrum as does the response spectrum method.
Second, with amplitude scaling, it is likely that some frequencies will receive disproportionally high (or
low) scaling, and this can non-uniformly affect the results. Consider, for example, Figure 4.2-1a which
shows the response spectra for three earthquakes, amplitude scaled such that all three have the same spectral
acceleration at a given period of vibration (in this case 2.22 seconds). The vertical dashed lines at the left
and right of the plotted region represent the range of periods associated with the modes that will be
represented in the analysis. As is evident in the short period region, the higher modes (with lower periods
of vibration) for two of the earthquakes (G03090 and TCUO45N) have spectral amplitudes much higher
than that of the target spectrum, and hence, the higher modes in the response will be overrepresented in the
analysis. The third earthquake, MUL279, more closely matches the target spectrum in the low period
region. It is certainly possible that a better fit could be obtained by use of different records (not using
G03090 and TCUO045N), and trying to find additional records that provide a match more like that shown
for MUL279.

The same suite of earthquakes that were modified by spectral matching is shown in Figure 4.2-1b. Here,
in the spectrum matching range, the variation in the spectral accelerations for the three matched records are
virtually indistinguishable from the target spectrum over the expected period range, and the higher modes
are not over-represented relative to the target spectrum. There are some variations outside the matching
range, particularly at low periods, but this will not affect the computed response because modes associated
with these periods are not included in the analysis.

The Standard requires that the period range used for spectral matching is 0.8 Tmin t0 1.2 Tmax, Where Tmin iS
the period at which 90% of the effective modal mass is captured, and Tmax is the largest period of vibration
for the system. The average of the matched spectra in each direction of response should not fall outside the
range of + or — 10% of the target spectrum.

It is noted that the requirements stated above are based in the implicit assumption that the analysis will be
performed using modal response history, and not direct integration of the equations of motion. If direct
integration is used in association with the matched ground motions represented in Figure 4.2-1b there will
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be some “over amplification” of the higher mode response and periods less than Tmin, but this will not be as
severe as if the amplitude scaled records were used. If there is a concern, the over amplification could be

reduced by using a lower value of Tnin.

There are a variety of programs available for performing spectral matching. In the example to be presented
later, the program RSPMatch (Al Atik and Abrahamson 2010) was utilized via a special Matlab application
developed by Jayamon and Charney (2015). See also Grant and Diaferia (2012) for additional information

regarding spectrum matching.
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4.2.4 Runtimes and Storage Requirements

In order to obtain some idea of the relative run times and storage requirements, a series of analyses were
run for a hypothetical building which is 80 stories in height, has five bays in one direction and 3 bays on
the orthogonal direction, and utilized perimeter moment resisting frames for lateral load resistance. All
interior gravity columns were directly modeled, and a semi rigid diaphragm (modeled with shell elements)
was used with each bay represented by a 4 by 4 mesh. Thus, the total number of degrees of freedom for
the model was 80x13x21x6=131,040. Analysis was run using Version 17 of SAP 2000. Solution times for
running one ground motion (or response spectrum) are as follows:

MRS with 60 modes (capturing 99% of mass)

Time to compute modal properties 2 minutes and 47 seconds
Time to compute modal responses 0 minutes and 5 seconds
Storage requirements 457 mb

LRH using modal superposition with 60 modes (capturing 99% of mass):

Time to compute modal properties 2 minutes and 58 seconds
Time to compute modal responses 0 minutes and 5 seconds
Storage requirements 467 mb

LRH using direct integration (P-delta not included)

Time to compute modal properties 2 minutes and 50 seconds*
Time to compute response history 26 minutes and 27 seconds
Storage requirements 9010 mb

LRH using direct integration (P-Delta included)

Time to compute modal properties 2 minutes and 50 seconds*
Time to compute response history 3 hours and 27 minutes
Storage requirements 48100 mb

* The modal properties are not used directly in the analysis but are required for determining the range
of periods required for spectral matching.

As may be seen the computation times and storage requirements for the modal analyses are similar, and are
insignificant for the very large model analyzed. Indeed, all analysis required to run 18 response histories
as required by the Standard for LRH would be less than five minutes (3 minutes for modal properties,
18x5=90 seconds for response history calculations). Since P-Delta effects are included in the modal
analysis, little if any time is added to include this feature in the analysis.

Time requirements for direct integration analysis are significantly greater, as are storage requirements.
Using direct analysis without P-Delta would require approximately 9 hours for 18 analyses. If P-delta
effects are included, the analysis is essentially nonlinear, and the run times increase drastically, requiring
3.5 hours per run, or 63 hours for all 18 analyses.

4.3 EXAMPLE APPLICATION FOR 12-STORY SPECIAL STEEL MOMENT FRAME
STRUCTURE

The building utilized for this example was designed to house business offices, and using Standard Table
1.5-1 is classified as Risk Category Il. According to Standard Table 1.5-2, the Seismic Importance Factor
le is 1.0. The building is situated on site class C soils.
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The 5% damped MCERr spectral response parameters for the site, located near downtown Stockton,
California, are as follows:

Ss=1.041
S1=0.373

The site class coefficients, determined from Standard Tables 11.4-1 and 11.4-2 are:

Fa=1.2
Fv=15

Using Standard Equations 11.4-1 through 11.4-4, the design spectral response parameters are computed as

Sos = 1.2(1.041)(2/3) = 0.833
Spy = 1.4(0.373) (2/3) = 0.373

Using Standard Tables 11.6-1 and 11.6-2 it is determined that the structure is in Seismic Design Category
D.

4.3.1 Description of Building and Lateral Load Resisting System

The building has 12 stories above grade and a one-story basement below grade and is laid out on a
rectangular grid with a maximum of seven 30-foot-wide bays in the X direction and seven 25-foot bays in
the Y direction. Both the plan and elevation of the structure are irregular with setbacks occurring at Levels
5 and 9. All stories have a height of 12.5 feet except for the first story, which is 15 feet high, and the
basement that extends 18 feet below grade. Reinforced concrete walls, 1 foot in thickness, form the
perimeter of the basement. The total height of the building above grade is 152.5 feet. A three-dimensional
rendering of the building is shown in Figure 4.3-1, and typical floor plans are given in Figure 4.3-2. Two
different elevations (section cuts) are shown in Figure 4.3-3.

Gravity loads are resisted by composite beams and girders that support a normal-weight concrete slab on
metal deck. The slab has an average thickness of 4.0 inches at all levels except Levels G, 5, and 9. The
slabs on Levels 5 and 9 have an average thickness of 6.0 inches for more effective shear transfer through
the diaphragm. The slab at Level G is 6.0 inches thick to minimize pedestrian-induced vibrations and to
support heavy floor loads. The low roofs at Levels 5 and 9 are used as outdoor patios and support heavier
live loads than do the upper roofs or typical floors.

At the perimeter of the base of the building, the columns are embedded into pilasters cast integrally with
the basement walls, with the walls supported on reinforced concrete tie beams over drilled piers. Reinforced
concrete caps support interior columns over drilled piers. A grid of reinforced concrete grade beams
connects all tie beams and pier caps.

The lateral load-resisting system consists of five special steel moment resisting frames with reduced beam
sections. Each frame has three bays. For this type of system, Standard Table 12.2-1 specifies a response
modification coefficient (R) of 8 and a deflection amplification coefficient (Cq4) of 5.5. There is no height
limit for special moment frames.

The special steel moment frame locations and designations are shown in Figure 4.3-4. Frames 1 and 2 are
12-stories tall and are supported on pilasters cast together with the basement walls. Frames 3 and 4 are 12-
stories tall above grade, but extend 18 feet into the basement below and are supported by the pier caps.
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Frame 5 is eight stories tall, and is supported on the basement wall pilasters. Columns that are supported
on the basement walls are detailed to provide essentially fixed support conditions. The columns that are
supported on the basement slab are assumed to be pinned-base. The gravity columns are also shown in Fig.
4.3-2, and these were explicitly included in the analysis as described later.

Columns in the moment-resisting frame range in size from W24x131 at the upper levels to W24x279 at the
lower levels. Girders in the moment frames vary from W27x94 at the roof to W33x130 at Level G.
Members of the moment-resisting frames have a nominal yield strength of 50 ksi, and floor members and
interior columns that are sized strictly for gravity forces have a nominal yield strength of 50 ksi.

Figure 4.3-1. Three-Dimensional rendering of Stockton building
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Figure 4.3-4. Plan showing location and designations of special moment frames

4.3.2 Analysis and Modeling Approach

Section 12.6 and Table 12.6-1 of the Standard provide the analysis requirements for buildings. It is clear
for this Seismic Design Category D building that the Equivalent Lateral Force (ELF) method is not allowed
due to the presence of a number of system irregularities (re-entrant corner, mass). Thus modal response
spectrum analysis, linear response history analysis, or nonlinear response history analysis must be used to
determine the design member forces and the displacements in the structure.

It is noted, however, that the ELF procedure is an essential part of the overall analysis and design process
because it is often used for preliminary design and it must be used to determine if certain irregularities, such
as a torsional irregularity, exist in the system. For this reason, the example presented herein will include
ELF analysis. Also included in the example is Modal Response Spectrum (MRS) analysis, and Linear
Response History (LRH) analysis. The LRH analysis is performed using modal superposition. The results
from the three analysis procedures are then compared, and differences and similarities are discussed.

The analysis is carried out in three dimensions, as required by the Standard for both modal response
spectrum analysis and linear response history analysis. Due to the presence of a torsional irregularity (see
Section 4.3.6) a three dimensional analysis is also required where the ELF procedure is used (see Standard
Section 12.7.3). Additionally, due to the presence of a re-entrant corner irregularity, the diaphragms cannot
be considered as rigid (see Standard Section 12.3.1.2), and must be analyzed as semi-rigid. This is done
using shell elements as described below.

Additional features of the mathematical model are described as follows:

o P-Delta effects are included directly in the analysis (as required by the Standard for LRH analysis
and used for consistency in MRS analysis). Gravity loading for use in P-Delta analysis consists
of 1.0 times dead load plus 0.5 times reduced live load. This loading follows from Section 12.8.7
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of the Standard that states, in the definition of Py, that individual load factors in gravity loads
used for P-Delta effects need not exceed 1.0, and from Section 12.4.2.3 which allows for use of
0.5 times reduced live load. In ELF analysis P-Delta effects are included by use of geometric
stiffness. In MRS and modal LRH analysis, the modal properties are computed from the same
mathematical model, incorporating the same elastic and geometric stiffness, which was used for
ELF analysis.

o All major gravity-framing elements are included in the mathematical model, but these elements
are modeled (i.e. by releasing end moments) such that they do not contribute to the lateral
stiffness of the system. The elements are included only for the purpose of providing an accurate
spatial distribution of geometric stiffness as needed for representation of P-Delta effects.

e Asshown in Section 4.3.6.1, the structure has a Type-1a torsional irregularity, and as stated in
Standard Section 12.8.4.2, systems with such irregularities must be analyzed with the effects of
accidental torsion included. For ELF analysis accidental torsion (amplified if necessary) is
considered by creating an accidental torsion load case consisting of story torques acting along the
height of the structure. For MRS and LRH analysis accidental torsion is implemented by use of
mass offsets (as required by the Standard for LRH analysis and used in MRS analysis for
consistency). Amplification of accidental torsion is not required when MRS or LRH analysis is
used.

o Special moment frames were modeled using centerline analysis, with axial, flexural, and shear
deformations included in all members. Centerline modeling means that no rigid offsets are
provided at the overlap of the beam-column joint. The centerline analysis approximately
accounts for deformations in the panel zones of the beam-column joints. Moments of inertia for
beams with reduced beam sections were modeled with the full cross section moment of inertia.
The full section stiffness was used because other compensating sources of stiffness in the system,
such as composite behavior, were not included in the analysis. No reduction in beam stiffness was
taken for the cutouts of the Reduced Beam Section.

¢ Roof and floor diaphragms are modeled using one shell element for each 30 ft. by 25 ft. bay, are
assigned realistic in-plane stiffness, and near-zero out-of-plane stiffness. These elements were
added manually to the model, and provide the minimum mesh resolution required to incorporate
semi-rigid diaphragm characteristics for this structure. A finer mesh would be needed if were
necessary to recover stresses in the diaphragm.

e Basement walls are modeled explicitly using shell elements.

All analysis was performed using ETABS 2015, developed by Computers and Structures International,
Walnut Creek, California. For verification of results, certain aspects of the analysis were performed using
SAP 2000 version 18, also developed by Computers and Structures.

Where an equivalent lateral force analysis or a modal response spectrum analysis is performed, the
structure’s damping ratio, assumed to be 0.05 (5% of critical), is included in the development of the spectral
accelerations Ss and S;. An equivalent viscous damping ratio of 0.05 is appropriate for linear analysis of
lightly damaged steel structures. For linear modal response history analysis, ETABS allows an explicit
damping ratio to be used in each mode. For this structure, a damping ratio of 0.05 was specified in each
mode.
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Where combining the individual modal responses in modal response spectrum analysis, the square root of
the sum of the squares (SRSS) technique has generally been replaced in practice by the complete quadratic
combination (CQC) approach. Indeed, Standard Section 12.9.3 requires that the CQC approach be used
where the modes are closely spaced. When using the CQC approach, the analyst must correctly specify a
damping factor. This factor, which is entered into the ETABS program, must match that used in developing
the response spectrum. It should be noted that if zero damping is used in CQC, the results are the same as
those for SRSS.

Requirements for combining results in orthogonal directions (Direction of Load Effects) are provided in
Section 12.5 of the Standard. For the Seismic Design Category D building under consideration,
combination of results from analyses in the orthogonal direction are not required for ELF or MRS analysis
because there are no intersecting elements in the lateral load resisting system. Inclusion of orthogonal load
effects is required to be included in LRH analysis (see Standard Sections 12.9.2.5.3 and 12.9.2.5.4).

For consistency in reporting results from the three methods of analysis, orthogonal load effects are
considered in the results presented in this Chapter. This required individual analyses for each method of
analysis as follows:

Equivalent Lateral Force:
Designation Description

ELFX X direction lateral load with no mass eccentricity
ELFY Y direction lateral load with no mass eccentricity
ELFTeX Accidental torsion (applied story torques) due to X direction mass eccentricity
ELFTeY Accidental torsion (applied story torques) due to Y direction mass eccentricity

Modal Response Spectrum:
Designation ~ Description

MRSX X response spectrum using model with no mass eccentricity
MRSY Y response spectrum using model with no mass eccentricity
MRSXe+Y X response spectrum using model with +Y mass eccentricity
MRSXe-Y X response spectrum using model with —Y mass eccentricity
MRSYe+X Y response spectrum using model with +X mass eccentricity
MRSYe-X Y response spectrum using model with —X mass eccentricity

Linear Response History (for each ground motion):
Designation Description

LRHX X direction shaking using model with no mass eccentricity
LRHY Y direction shaking using model with no mass eccentricity
LRHXe+Y X direction shaking using model with +Y mass eccentricity
LRHXe-Y X direction shaking using model with —Y mass eccentricity
LRHYe+X Y direction shaking using model with +X mass eccentricity
LRHYe-X Y direction shaking using model with —X mass eccentricity

For this example, it is of some interest to compare the results for the different methods of analyses with
varying assumptions regarding direction of load, and with or without P-delta effects. It is important to note,
however, that this type of variation of parameter analysis would not typically be done as part of a typical
design-office project.

For the analyses completed only a limited number of results are presented, and these are summarized as
follows:
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X-Direction Story Drifts in Frame 1 (measured on grid intersection C-1)
Girder Shears in Middle Bay of Frame 1 (spanning D-1 and E-1)

Y-Direction story Drifts in Frame 5 (measured on grid intersection H-1)
Girder Shears in Middle Bay of Frame 5 (spanning H-3 and H-4)

Note that Section 12.8.6 of the Standard requires that for torsionally irregular buildings, drift must be
checked at the edge of the building. This requirement is satisfied because Frames 1 and 5 are located at the
perimeter of the building. For each method of analysis results are presented for individual load cases and
for combinations described in the relevant analysis result sections of this chapter.

4.3.3 Seismic Weight and Masses

In the past it was advantageous to model floor plates as rigid diaphragms because this allowed for a
reduction in the total number of degrees of freedom used in the analysis, and a significant reduction in
analysis time. Given the speed and capacity of most personal computers, the use of rigid diaphragms is no
longer necessary, and the floor plates may be modeled using finite elements. The use of such elements
provides an added benefit of improved accuracy because the true “semi-rigid” behavior of the diaphragms
is modeled directly. Where it is not necessary to recover diaphragm stresses, a very coarse element mesh
may be used for modeling the diaphragm.

While it is possible to represent floor mass by assigning mass density to the diaphragm and frame elements,
it is felt that more control over assigning mass is available through the use of area and line masses. Thus,
for the analysis described herein, all element mass densities were set to zero, and mass was assigned using
area and line designations.

The uniform area and line masses (in weight units) associated with the various floor plates of the structure
are given in Tables 4.3-1 and 4.3-2. The line masses are based on a cladding weight of 15.0 psf, story
heights of 12.5, 15.0, or 18.0 feet, and parapets 4.0 feet high bordering each roof region. Figure 4.3-5 shows
where each mass type occurs. The total computed floor mass, mass moment of inertia, and locations of
center of mass are shown in Table 4.3-3. The center of mass locations are required for determination of
mass modification needed to accommodate accidental torsion. Note that the mass moments of inertia are
not required for the analysis because of the use of direct mass modeling in the floor diaphragm elements.
However, they would be needed where rigid diaphragms are used, and are provided in the table for
completeness. The reference point for center of mass location is the intersection of Grids A and 8.

The given “Level” in the first column of Table 4.3-3 identifies items relevant to properties or results
associated with that level. Items related to story drift (presented later in this chapter) are identified at the
relevant “Story” of the building because these quantities represent the deformations between levels.

Table 4.3-3 includes a mass computed for Level G of the building. This mass is associated with an
extremely stiff story (the basement level) and is dynamically excited by the earthquake in very high
frequency modes of response. As shown later, this mass is not included in equivalent lateral force
computations, and can complicate modal response spectrum and modal response history analysis.
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Table 4.3-1. Area weights contributing to masses on diaphragms (See Fig. 4.3-5)

Mass Source Area A AreaB AreaC AreaD AreaE
Slab and Deck (psf) 50 75 50 75 75
Structure (psf) 20 20 20 20 50
Ceiling and Mechanical (psf) 15 15 15 15 15
Partition (psf) 10 10 0 0 10
Roofing (psf) 0 0 15 15 0
Special (psf _0 _0 _0 _60 25
Total (psf) 95 120 100 185 175
Table 4.3-2. Line weights contributing to masses on diaphragms (See Fig. 4.3-5)
Mass Source Line 1 Line 2 Line 3 Line 4 Line 5
From Story Above (plf) 60.0 93.8 93.8 93.8 135.0
From Story Below (plf) 93.8 93.8 _0.0 135.0 1,350.0
Total (plf) 153.8 187.6 93.8 228.8 1,485.0
A\ /A A A
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Figure 4.3-5. Key diagram for computation of floor weights
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Table 4.3-3. Floor weight mass, mass moment of inertia, and center of mass locations

M Mass Moment of | X Distance to Y Distance to

Level | Weight (kips) (kip-izs’?n ) Inegia (in.-Kip- C.M. C.M.
' s?/radian) (in.) (in.)

R 1,657 4,287 2.072x10° 1,260 1,050
12 1,596 4,130 2.016x10° 1,260 1,050
11 1,596 4,130 2.016x10° 1,260 1,050
10 1,596 4,130 2.016x10° 1,260 1,050
9 3,403 8.807 5.308x10° 1,637 1,175
8 2,331 6.032 3.703x10° 1,551 1,145
7 2,331 6.032 3.703x10° 1,551 1,145
6 2,331 6.032 3.703x10° 1,551 1,145
5 4,325 11.19 9.089x10° 1,159 1,212
4 3,066 7.935 6.354x10° 1,260 1,194
3 3,066 7.935 6.354x10° 1,260 1,194
2 3,097 8.015 6.474x10° 1,260 1,193
G 6,525 16.89 1.503x10’ 1,260 1,187

| 36,920

4.3.4 Preliminary Design using the ELF Procedure

For the ELF analysis the mass above the grade level is considered, hence the seismic weight W=36920-
6525=30395 Kips.

The ground motion parameters, determined in Section 4.3 of the this chapter, are

Sps=0.833
SDl =0.373

The translational period between the constant velocity and the constant velocity parts of the design
spectrum is:

s= Sp1/Sps = 0.373/0.833 = 0.448 s.

The height of the building above grade, /4 is 152.5 ft., thus the approximate period of vibration is
computed, using Standard Eqgn. 12.8- 7 and Table 12.8-2:

T =Ch’ =0.028(152.5)°° =1.562 s.

The upper limit period for computing base shear is determined from Standard Section 12.8.2 and Table

12.8-1:

T=CuyTa=1.4(1.562) = 2.187 s.

Since Ts < T < 4.0 seconds, Standard Eg. 12.8-3 will control the base shear, but this values must not be
less than given by Eq. 12.8-5 (for S;: < 0.6g). Using R=8 for special steel moment frames and l.= 1.0,
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Cs = gmé: 0'3;38 5 =0.0213
Tgi 2.187¢" -

Cs =0.044Spsle = 0.044(0.833)(1.0)=0.0367 controls
Thus, the minimum design base shear is
V=CsW = 0.0367(30395)=1114 Kips.

It is of some interest to plot the range of periods that are computed for this structure, and this is shown in
Figure 4.3-6 where the ELF design spectrum is shown (solid blue line) together with C for minimum base
shear (horizontal brown line), and vertical lines representing C,Ta, the computed period of 3.558 s.
(discussed later), and the period of 1.272 seconds at which the horizontal line representing the minimum
base shear intersects with the design spectrum. Thus, from the perspective of determining lateral design
forces, the “effective” period based on minimum base shear requirements is 1.272 seconds, and the period
that will be used to determine displacements is 3.558 seconds. Implications of these differences are
discussed later in the example when the computed drifts for the various methods of analysis are presented.
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Figure 4.3-6. Design spectrum, minimum base shear, and related periods of vibration
The seismic base shear is distributed along the height of the structure using Standard Eqgs. 12.8-11 and 12.8-

12 with k=1.84 for T=2.187 s. The results, applicable for each direction of response because CyTa is the
applicable period in each direction, are provided in Table 4.3-1.
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Based on the forces shown in Table 4.3-4, a preliminary design of the structure was performed, and the
initial member sizes for all frames are shown in Figs. 4.3-7a and 4.3-7b. These members conform to
strength requirements, but must be checked for compliance with drift limits. Additionally, compliance with
stability requirements must be met. For checking drift Sections 12.8.6.1 and 12.6.8.2 of the Standard allows
the use of a separate set of lateral forces for checking drift, with these forces based on the computed period
of vibration. Compliance with stability requirements are also based on lateral forces obtained through use
of the computed period. Period computations are discussed in some detail in the next section.
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Table 4.3-4. Distribution of equivalent lateral forces along height of structure

Level hy W s Cux Fx Vi M
X (ft) (Kips) (kips) (Kips) (Kips-ft)
R 152.5 1,657 17,557,905 0.17 187.9 187.9 2,349
12 140.0 1,596 14,444,655 0.14 154.6 342.5 6,631
11 127.5 1,596 12,156,897 0.12 130.1 472.6 12,540
10 115.0 1,596 10,050,905 0.10 107.6 580.2 19,793
9 102.5 3,403 17,334,069 0.17 185.5 765.7 29,366
8 90.0 2,331 9,342,216 0.09 100.0 865.7 40,189
7 775 2,331 7,091,250 0.07 75.9 941.6 51,961
6 65.0 2,331 5,127,323 0.05 54.9 996.5 64,419
5 52.5 4,325 6,416,970 0.06 68.7 1,065.2 | 77,736
4 40.0 3,066 2,755,397 0.03 29.5 1,094.7 | 91,421
3 27.5 3,066 1,380,939 0.01 14.8 1,109.5 | 105,291
2 15.0 3,097 456,271 0.00 4.9 1,114.4 | 122,008
) - 30,395 104,114,802 1.00 1,114 - -
FRAME 1 &2 FRAME 3
W27x94 W27x94 W27x94 W27x94 W27x94 W27x94

WAt W27x94 W27x04 W27x94 W31 W27x04 W27x94 W27x94

asast W27x94 W27x94 W27x94 e W27x94 | W27x94 W27x94

Wabast W30x108 W30x108 W30x108 Wbzt W27x102 | W27x102 | W27x102

Wadxit ‘W30x108 W30x108 W30x108 W31 W27x102 | W27x102 | W27x102
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W2z ‘W33x169 W33x169 ‘W33x169 weners | W27x258 | W27x258 W27x258 |
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Figure 4.3-7a. Member Sizes for Frames 1, 2, and 3
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FRAME 4
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Figure 4.3-7b. Member sizes for Frames 4 and 5

4.3.5 Modal Properties

Eigenvalue analysis was carried out for a variety of mathematical models for the system designed using the
ELF procedure (see Figures 4.3-7a and b). The following parameters were investigated in the modal
analysis, with each parameter being either not included, or included

1) P-Delta effects

2) Mass offsets required to capture accidental torsion
3) Vertical mass

4) Mass at grade level

Before presetting the results, it is noted that such a detailed variation of parameter analysis is typically not
required. This is done here to provide insight into the influence of the various parameters. It is suggested,
however, that modal properties be computed for models with and without P-Delta effects, as the change in
modal periods is a strong indicator of the importance of P-Delta effects in the analysis.

Table 4.3-5a presents the periods of vibration and the effective modal mass participation ratios (relative to
total mass) for the system modeled without P-delta effects, without accidental torsion, with vertical mass,
and without mass at the grade level. As may be seen, the first modem with T=3.349 s., is primarily X-
direction translation and the second mode period, with T=2.983 s., is Y-direction translation. The third
mode, with T=1.936 s., is predominantly torsional (62 ). It takes seven modes to capture 90 percent of the
system mass in the translational directions, but 90% of the torsional mass is not captured until mode 21.
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Table 4.3-5a. Modal properties for system without P-Delta, without accidental torsion, without
grade level mass, and with vertical mass included

Mode | Period Mass Cumulative Mass Cumulative Mass Cumulative
(s) Ratio X Mass RatioX | RatioY | MassRatioY | Ratio 8Z Mass Ratio
0Z

1 3.349 0.762 0.762 0.001 0.001 0.000 0.000
2 2.983 0.001 0.763 0.726 0.727 0.013 0.013
3 1.936 0.000 0.763 0.017 0.744 0.735 0.748
4 1.320 0.133 0.896 0.002 0.747 0.000 0.748
5 1.234 0.002 0.898 0.152 0.898 0.010 0.758
6 0.864 0.002 0.899 0.001 0.899 0.110 0.868
7 0.795 0.040 0.939 0.001 0.900 0.004 0.872
8 0.690 0.000 0.940 0.045 0.945 0.018 0.890
9 0.641 0.000 0.940 0.000 0.945 0.000 0.890
10 0.636 0.000 0.940 0.000 0.945 0.000 0.890
11 0.634 0.000 0.940 0.000 0.945 0.000 0.890
12 0.629 0.000 0.940 0.000 0.945 0.000 0.890
21 0.518 0.007 0.947 0.000 0.945 0.031 0.921

OP-Delta [Accidental Torsion [OGrade Level Mass M Vertical Mass

Table 4.3-5b presents the modal properties for the same system as Table 4.3-5a, but P-delta effects are now
included. The mode shapes for the first 8 modes are shown in Figure 4.3-8. The dominant X and Y periods
are 3.558 s. and 3.108 s., respectively, which represents a significant increase relative to the model without
P-delta effects. The third mode period has increased slightly to 1.966 s., and is still predominantly torsional.
This small increase in the torsional period indicates that torsional P-delta effects (referred to as P-Theta
effects) are not significant for this structure. Due to the inclusion of P-Delta effects the mass participation
ratios for the first two modes have increased slightly, and as a result of this, the number of modes required
to capture 90 percent of the mass in the horizontal directions reduced from seven to six. Twenty-one modes
are still required to capture 90% of the torsional mass.

Table 4.3-5b. Modal properties for system with P-Delta, without accidental torsion, without grade
level mass, and with vertical mass included.

Mode | Period Mass Cumulative Mass Cumulative Mass Cumulative
(s) Ratio X Mass RatioX | RatioY | MassRatioY | Ratio 6Z Mass Ratio
0Z

1 3.558 0.767 0.767 0.001 0.001 0.000 0.000
2 3.108 0.001 0.768 0.732 0.733 0.013 0.013
3 1.966 0.000 0.768 0.016 0.748 0.739 0.751
4 1.378 0.130 0.897 0.002 0.751 0.001 0.752
5 1.279 0.002 0.899 0.149 0.899 0.009 0.761
6 0.881 0.003 0.902 0.001 0.901 0.102 0.863
7 0.823 0.037 0.939 0.001 0.902 0.008 0.871
8 0.707 0.000 0.940 0.045 0.946 0.021 0.892
9 0.640 0.000 0.940 0.000 0.946 0.000 0.892
10 0.638 0.000 0.940 0.000 0.946 0.000 0.892
11 0.635 0.000 0.940 0.000 0.946 0.000 0.892
12 0.631 0.000 0.940 0.000 0.946 0.000 0.892
21 0.533 0.020 0.959 0.000 0.946 0.011 0.904

M P-Delta [ Accidental Torsion [ Grade Level Mass ™ Vertical Mass
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In Table 4.3-5¢ the modal properties are presented for the system with P-delta effects, with vertical mass,
without grade level mass, but with masses at each level modified such that the center of mass shifts 5
percent of the building width in the positive X direction. Here, the first two periods T1=3.559 sec and T2=
3.072 sec are still principally translational, and the third mode with period T3=1.983 seconds is still
torsional. The inclusion of accidental torsion has not affected the number of modes required to capture
90% of the mass. Clearly, the shift of the center of mass used to incorporate accidental torsion has little
influence on the modal properties of this structure.

Table 4.3-5c. Modal properties for system with P-Delta, with accidental torsion, and without grade
level mass. Vertical mass included

Mode | Period Mass Cumulative Mass Cumulative Mass Cumulative
(s.) Ratio X Mass Ratio X RatioY Mass RatioY | Ratio 6Z | Mass Ratio 6Z
1 3.559 0.767 0.767 0.000 0.000 0.000 0.000
2 3.072 0.000 0.768 0.739 0.739 0.006 0.006
3 1.983 0.000 0.768 0.009 0.748 0.743 0.749
4 1.377 0.131 0.898 0.001 0.749 0.001 0.750
5 1.261 0.001 0.899 0.148 0.897 0.007 0.757
6 0.876 0.004 0.903 0.003 0.900 0.107 0.864
7 0.824 0.037 0.939 0.002 0.901 0.009 0.873
8 0.714 0.000 0.940 0.045 0.946 0.024 0.897
9 0.640 0.000 0.940 0.000 0.946 0.000 0.897
10 0.638 0.000 0.940 0.000 0.946 0.000 0.897
11 0.635 0.000 0.940 0.000 0.946 0.000 0.897
12 0.631 0.000 0.940 0.000 0.946 0.000 0.897
21 0.532 0.022 0.962 0.000 0.946 0.007 0.904

M P-DeltalEEER M Accidental Torsion [ Grade Level Mass M Vertical Mass

The next model analyzed, with results shown in Table 4.3-6, included P-delta effects, accidental torsion,
and vertical mass, and now also includes the heavy mass at the laterally stiff and heavy grade level. As
may be seen in the table, the periods of vibration for the first 12 modes are virtually identical to those
presented in Table 4.3-5¢, but the mass participation ratios are much lower. It now takes 222 modes to
fully capture 90 percent of the horizontal mass, and the period of vibration associated with the 222nd mode
is only 0.058 seconds. Recall from Table 4.3-5¢ that only six modes were required to capture 90 percent of
the horizontal mass when the mass associated with the grade level was not included in the model.

To investigate the effect of vertical mass, the model was analyzed including P-Delta effects, excluding
accidental torsion, including grade level mass, but not including vertical mass. Results are presented in
Table 4.3-7, where it may be seen that only 50 modes are required to capture 90 percent of the effective
mass in the two orthogonal directions. For this model, 92 modes are required to capture 90% of the torsional
mass.

If the grade level mass is eliminated, the model includes P-Delta effects, no vertical mass, and no accidental
torsion. These results, shown in Table 4.3-8, indicate virtually no change in periods in the first 12 modes
relative to the analysis shown in Table 4.3-7. However, now only 6 modes are required to capture 90
percent of the lateral mass, and only 9 modes are needed to capture 90 percent of the torsional mass.
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Table 4.3-6 Modal properties for system with P-Delta, with accidental torsion, and with grade level
mass. Vertical mass included

Mode | Period | Mass Ratio Cumulative Mass Cumulative Mass Ratio Cumulative
(s) X Mass Ratio X RatioY | Mass Ratio Y 0z Mass Ratio
0z

1 3.559 0.632 0.632 0.000 0.000 0.000 0.000
2 3.072 0.000 0.632 0.609 0.609 0.003 0.003
3 1.983 0.000 0.632 0.007 0.616 0.587 0.591
4 1.377 0.108 0.740 0.001 0.617 0.001 0.592
5 1.261 0.001 0.741 0.123 0.740 0.005 0.597
6 0.876 0.003 0.744 0.002 0.742 0.084 0.681
7 0.824 0.030 0.774 0.001 0.744 0.007 0.688
8 0.714 0.000 0.774 0.037 0.781 0.019 0.708
9 0.642 0.000 0.774 0.000 0.781 0.000 0.708
10 0.640 0.000 0.774 0.000 0.781 0.000 0.708
11 0.636 0.000 0.774 0.000 0.781 0.000 0.708
12 0.633 0.000 0.774 0.000 0.781 0.000 0.708
189 0.066 0.000 0.826 0.139 0.972 0.000 0.792
222 0.058 0.139 0.967 0.000 0.973 0.000 0.792
384 0.038 0.002 0.977 0.001 0.975 0.020 0.916

M P-Delta ™ Accidental Torsion ™ Grade Level Mass M Vertical Mass

Table 4.3-7. Modal properties for system with P-Delta, without accidental torsion, and with grade
level mass. Vertical mass NOT included

Mode | Period Mass Cumulative Mass Cumulative Mass Cumulative
(s) Ratio X Mass RatioX | RatioY | MassRatioY | Ratio0Z Mass Ratio
0z

1 3.558 0.631 0.631 0.001 0.001 0.000 0.000
2 3.108 0.001 0.632 0.604 0.604 0.007 0.007
3 1.965 0.000 0.632 0.013 0.617 0.585 0.592
4 1.377 0.107 0.739 0.002 0.619 0.001 0.593
5 1.278 0.001 0.741 0.123 0.742 0.006 0.599
6 0.881 0.003 0.743 0.001 0.743 0.080 0.679
7 0.823 0.031 0.774 0.001 0.744 0.006 0.685
8 0.707 0.000 0.774 0.038 0.781 0.018 0.703
9 0.533 0.016 0.790 0.000 0.781 0.009 0.712
10 0.515 0.007 0.797 0.000 0.782 0.025 0.737
11 0.461 0.000 0.797 0.020 0.801 0.001 0.738
12 0.410 0.011 0.808 0.000 0.801 0.001 0.739
45 0.066 0.000 0.826 0.141 0.974 0.001 0.792
50 0.058 0.147 0.974 0.000 0.974 0.000 0.793
92 0.040 0.000 0.978 0.000 0.974 0.122 0.915

M P-DeltalEEEER [ Accidental Torsion ™ Grade Level Mass [ Vertical Mass
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Table 4.3-8. Modal properties for system with P-Delta, without accidental torsion, and without

grade level mass. Vertical mass NOT included

Mode | Period | Mode | Cumulative | Mode | Cumulative | Mode | Cumulative
(s.) Mass Mass Ratio | Mass | Mass Ratio | Mass | Mass Ratio
Ratio X X Ratio Y Ratio 0Z
Y 0Z

1 3.558 0.767 0.767 0.001 0.001 0.000 0.000

2 3.108 0.001 0.768 0.732 0.733 0.013 0.013

3 1.965 0.000 0.768 0.016 0.749 0.739 0.752

4 1.377 0.130 0.898 0.002 0.751 0.001 0.753

5 1.278 0.002 0.899 0.149 0.899 0.009 0.761

6 0.881 0.003 0.902 0.001 0.901 0.102 0.863

7 0.823 0.037 0.939 0.001 0.902 0.008 0.871

8 0.707 0.000 0.940 0.045 0.946 0.021 0.892

9 0.533 0.019 0.959 0.000 0.946 0.012 0.904

10 0.515 0.008 0.967 0.000 0.947 0.032 0.935

11 0.461 0.000 0.967 0.023 0.969 0.001 0.936

12 0.410 0.013 0.980 0.000 0.969 0.001 0.937

M P-Delta [ Accidental Torsion [ Grade Level Mass [ Vertical Mass

A summary of all the modal analyses are provided in Table 4.3-9. Based on this summary, and on the more

detailed

1.

results from the individual analyses the following conclusions can be drawn:

If only the capturing of 90 percent of the mass in the main directions of response is important,
and the mass associated with the stiff and heavy grade level is not included, a minimum of six
modes is required in the modal response spectrum and the modal response history analyses.

If only the capturing of 90 percent of the mass in the main directions of response is important,
and the mass associated with the stiff and heavy grade level is included, a minimum of 50 modes
is required in the modal response spectrum and the modal response history analyses. This is
based on the model not incorporating vertical mass, and inclusion of P-delta effects. It is noted,
however, that the member forces and deformations above the grade level of the structure would
be virtually identical to those obtained if the grade level mass was not included. Hence, if the
forces in the basement walls are not needed, the “spirit” of the code provisions (to capture 90
percent of the mass) would be obtained by using only 6 modes).

If it were necessary to capture in-plane diaphragm distortions in the analysis, a larger number of
modes would be required than presented in points (1) and (2) above.

In both the modal response spectrum analysis and the modal response history analysis, the model did not
include vertical mass, nor did it include the mass at grade level. All analysis included P-delta effects, and
accidental torsion was included or not included as described later in this example. Twelve modes were
used in the analysis, thereby capturing approximately 98 percent of the mass in the X-direction, 97% of the

mass in

the Y direction, and 94 percent of the torsional mass (see Table 4.3-8).

Before proceeding with the results of the ELF analysis, it is noted that the computed first mode period in

Table 4.
in latera

3-9, 3.558 seconds, is considerably larger than CyTa, which is 2.187 s. This represents a difference
| stiffness of (3.558/2.187)2=2.65. Similar discrepancies have been shown by others. For example,

in the ATC-76 report (NIST, 2010) a 12-story moment resisting frame (archetype 11RSA) had a computed

period 0

f4.48 s. but Cy T, was much lower at 2.41 s. Here the stiffness difference is a factor of 3.46. These
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stiffness differences are very difficult to justify. As seen in the next section, the use of the computed period
to check drift indicates that drift is not a controlling issue for this structure. However, use of forces based
on C,Ta would indicate that drifts are slightly above the limit for near the limit for several stories.

Table 4.3-9. Summary of Modal Properties for All Analyses

P-Delta Acc. Vert. Grade T1 T2 T3 n90% | n90% T12
Inc. ? Tor. Mass Mass (s) (s) (s.) Xand Tors.* (s)
Inc.? Inc.? Inc.? Y*

No No Yes No 3.349 2.983 1.936 7 21 0.629
Yes No Yes No 3.558 3.108 1.966 6 21 0.631
Yes Yes Yes No 3.559 3.072 1.983 6 21 0.631
Yes Yes Yes Yes 3.559 3.072 1.983 222 384 0.633
Yes Yes No Yes 3.558 3.108 1.965 50 92 0.410
Yes No No No 3.558 3.108 1.965 6 9 0.410

*n is the number of modes required to capture 90% of the mass in the indicated direction

4.3.6 Analysis Results

4.3.6.1 Equivalent Lateral Force Analysis. Preliminary drift results for loading in the X-direction, not
including accidental torsion or P-Delta effects, are shown in Table 4.3-10. These drifts, as well as all other
drifts reported in this example, include the deflection amplifier Cq, taken as 5.5 as required in Standard
Table 12.2-1 for special steel moment frames. The reported drifts are for Frame 1. Drifts were computed
for three different sets of lateral forces. “Design Loads” shown in Table 4.3-4 were used first, with results
shown in the second column of Table 4.3-10. As can be seen, the limiting drift of 2% of the story height is
exceeded at almost all of the stories. Recall that the lateral loads that produced these drifts are governed
by the minimum base shear requirements (Standard Eq. 12.8-5). The third column of Table 4.3-10 lists the
drifts computed using lateral loads that are based on the period of vibration C,Ta, and the limiting drifts are
exceeded in stories 3 through 8. Finally, in the fourth column of Table 4.3-10, drifts are based on lateral
forces computed using the computed period of vibration, T=3.558 s. Now, none of the story drifts come
even close to exceeding the limits. The Standard, in Section 12.8.6.2, specifically allows drifts to be
computed on the basis of the computed period, so drift limits for the structure are not violated. Given the
strong likelihood that the actual period of the structure is significantly less than the computed period, there
is some comfort in knowing that the drifts determined using T=CyT. are close to allowable 2% story drift
limit.
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Table 4.3-10. Comparison of story drifts in plane of Frame 1 computed using loads based on
different periods

Story Using Design Using Loads Using Computed Limit
Loads Based on CuTa Period

(in.) (in.) (in.) (in.)
12 2.43 1.41 0.87 3.00
11 3.63 2.11 1.30 3.00
10 4.51 2.62 1.61 3.00
9 5.13 2.99 1.84 3.00
8 5.29 3.08 1.89 3.00
7 5.50 3.20 1.97 3.00
6 5.49 3.19 1.96 3.00
5 5.54 3.22 1.98 3.00
4 5.45 3.17 1.95 3.00
3 5.19 3.02 1.86 3.00
2 4.81 2.80 1.72 3.00
1 4.06 2.36 1.45 3.60

As stated earlier, the building being analyzed has several irregularities that can be determined from
inspection, including Type 2 (re-entrant corner) horizontal irregularity and a Type 2 (mass) vertical
irregularity. Using the lateral forces shown in Table 4.3-4, applied statically at a 5% eccentricity relative
to the computed center of mass, it was determined that the structure has a Type 1a horizontal (torsional)
irregularity when loaded in the Y direction. The monitoring stations used to determine presence of the
irregularity are shown in Figure 4.3-9 and tabulated results are presented in Table 4.3-11. In an “actual”
building design where the torsional irregularity is marginally present it would be advisable to eliminate the
irregularity by making appropriate modifications to the stiffness of the lateral load resisting systems. For
the purposes of this example, however, the irregularity is convenient in the sense that it triggers the
requirement for accidental torsion and thereby allows for a description of methodologies for implementing
accidental torsion in the analysis.

Section 12.8-7 of the Standard provides requirements for inclusion of P-Delta effects in the analysis. In
most cases, it is expected that the analysis will be performed without P-Delta effects included, and then the
system is investigated to determine if such effects must be included (6 > 0.1), determine if the system is too
sensitive to such effects (6 > 6max), and make modification to the results of the analysis if it is determined
that P-Delta effects need be included in the analysis.

The results of the stability analysis for loading in the X direction are presented in Table 4.3-12. In the table,
the term A is the story drift, including the drift magnifier Cq, determined at the center of mass of the building
for the system loaded with the forces listed in Table 4.3-4 applied without accidental torsion. The term 6y
is determined in accordance with Standard Equation 12.8-16.

For the structure under consideration Omax = 0.5/5.5=0.091 when the factor £ in Standard equation 12.8-17
is setto 1.0. (In is interesting to note that in this case Omaxis less than 0.1, the minimum value of 6 for which
P-delta effects need be included. Thus, for a given level of the building 6=0.095 (for example), the Standard
is simultaneously saying that P-Delta effects need not be included, and that the building is too sensitive to
P-Delta effects. (This potential contradiction is applicable to all systems with Cq greater than or equal to
5.0).
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Figure 4.3-9. Drift monitoring stations for determining of torsional irregularity

As shown in Table 4.3-12, 6 > Omax for the bottom seven stories of the building, indicating that the building
“is potentially unstable and need be redesigned”. The term £ is essentially the inverse of the oversthrength
of the story, and the last column of Table 4.3-12 is the value of £ that is required to just satisfy the
requirement that 6 = Omax = 0.091. For level 3, for example, Brzaz=0.62, and an overstrength of 1/0.62=1.61
would be required to eliminate the stability issue. While not shown in this example, it is assumed that the
required overstrength would be available for each story of the building, and hence, that the building need
not be redesigned. However, it is required that P-Delta effects be included in the analysis. This can be
done by running the ELF analysis without P-Delta effects and then modifying displacements and forces by
multiplying by 1/(1-6), or, by directly including P-Delta effects in the analysis. In the example presented
in this chapter P-Delta effects are included directly in the analysis. This provides consistency with the MRS
and LRH analyses that also directly incorporate P-Delta effects.

Aside from the consistency issue, it is important to note that, strictly speaking, the P-Delta provisions as
provided in Section 12.8-7 of the Standard are not correct when applied to three-dimensional systems
because the reduction in the system’s global torsional stiffness (twisting about the vertical axis) are not
evaluated, and procedures required to amplify results to account for the torsional P-Delta effects are not
provided.

As mentioned in Section 4.2 of this chapter, it is possible to determine the stability coefficients by
performing analysis with and without P-Delta effects, and computing 6 for each story as 1-(AJ/Ar) where
Ao is the story drift computed without P-Delta effects, and Ag is the drift computed with P-Delta effects.
The results of such an analysis are shown in Table 4.3-13, where it is seen that the stability coefficients are
similar to those computed using Standard Equation 12.8-16.
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Table 4.3-11. Accidental torsion check for Y-Direction load with counterclockwise accidental

torsion
StOI'y 81 82 Al A2 Aavg Amax Amax/Aavg Irregularity
(in.) (in.) (in) (in) (in) | (in)
R 9.271 7.656 0.455 0.407 0.431 0.455 1.06 None
12 8.816 7.249 0.678 0.608 0.643 0.678 1.05 None
11 8.138 6.641 0.870 0.781 0.825 0.870 1.05 None
10 7.268 5.860 0.981 0.853 0.917 0.981 1.07 None
9 6.287 5.007 0.878 0.531 0.705 0.878 1.25 Irregularity
4.136
8 5.408 3.605 0.836 0.577 0.707 0.836 1.18 None
7 4.572 3.028 0.835 0.589 0.712 0.835 1.17 None
6 3.737 2.438 0.840 0.590 0.715 0.840 1.17 None
5 2.897 1.848 0.851 0.501 0.676 0.851 1.26 Irregularity
3.317
4 2.466 1.347 0.816 0.473 0.645 0.816 1.27 Irregularity
3 1.650 0.874 0.800 0.452 0.626 0.800 1.28 Irregularity
2 0.850 0.422 0.847 0.418 0.632 0.847 1.34 Irregularity
1 0.003 0.003
Table 4.3-12. P-Delta stability check for loads X-direction
Story hsx Drift Pp PL Pr Px Vx Ox Breqd 1/
(4) Breq
(in.) (in.) (Kips) | (Kips) | (Kips) (Kips) (Kips) d
12 150 0.866 1656.5 | 157.5 1814.0 1814.0 67.2 0.028 | - -
11 150 1.299 1595.7 | 157.5 1753.2 3567.2 122.5 0.046 | - -
10 150 1.617 1595.7 | 157.5 1753.2 5320.4 169.0 0.062 | - -
9 150 1.797 1595.7 | 157.5 1753.2 7073.5 207.5 0.074 | - -
8 150 1.876 34029 | 232.5 3635.4 10708.9 | 273.8 0.089 | - -
7 150 1.933 2330.7 | 232.5 2563.2 13272.1 | 309.6 0.100 | 0.90 1.11
6 150 1.930 2330.7 | 232.5 | 2563.2 15835.3 | 336.7 0.110 | 0.83 1.20
5 150 1.919 2330.7 | 232.5 | 2563.2 18398.5 | 356.3 0.120 | 0.76 1.32
4 150 1.915 4325.4 | 307.5 | 4632.9 23031.4 | 380.9 0.140 | 0.65 1.54
3 150 1.808 3065.7 | 307.5 | 3373.2 26404.6 | 391.4 0.148 | 0.62 1.61
2 150 1.678 3065.7 | 307.5 | 3373.2 29777.8 | 396.7 0.153 | 0.60 1.67
1 180 1.420 3097.4 | 307.5 | 3404.9 33182.7 | 398.5 0.119 | 0.76 1.32
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Table 4.3-13. Computing stability coefficient for X-direction loads based on analysis with and
without P-Delta effects

Story Drift Computed Drift Computed Stability Stability
Without P-Delta With P-Delta Coefficient, 1- Coefficient
Effects, Ao Effects, As Ao/ As (ASCE 7)
(in.) (in.)

12 0.825 0.866 0.047 0.028
11 1.229 1.299 0.054 0.046
10 1.513 1.617 0.064 0.062
9 1.664 1.797 0.074 0.074
8 1.708 1.876 0.089 0.089
7 1.741 1.933 0.099 0.100
6 1.714 1.930 0.112 0.110
5 1.709 1.919 0.109 0.120
4 1.637 1.915 0.145 0.140
3 1.572 1.808 0.131 0.148
2 1.471 1.678 0.124 0.153
1 1.259 1.420 0.114 0.119

Results obtained from the ELF analysis of the structure are presented next. As mentioned earlier, accidental
torsion must be included in the analysis, but combination of forces from bi-directional loading is not
required. However, since the system is being modeled in three dimensions, it is easy to accommodate
bidirectional loading, and for this reason bi-directional effects are included in the results presented herein.
Including such effects also provides consistency with the MRS and MRH analysis.

As discussed previously, the ELF analysis requires the following load cases:

ELFX X direction with no accidental torsion
ELFY Y direction with no accidental torsion
ELFTeX Accidental torsion (story torque) due to X direction mass eccentricity
ELFTeY Accidental torsion (story torque) due to Y direction mass eccentricity

From these load cases it is possible to generate sixteen permutations as shown in Figure 4.3-10. In this
figure the longer black arrows represent 100% of the lateral load applied in a given direction, and the shorter
gray arrow represents 30% of the orthogonal loading applied without any eccentricity. Accidental torsion,
applied as story torques, is shown by the black curved arrows. Analyses in the following discussion are
related to loading conditions 1 and 2 for principally X-direction loading, and conditions 9 and 10 for
principally Y-direction loading. Story torques were applied by strategically located positive and negative
horizontal forces distributed along the edge of the diaphragm.

Story drifts for the X direction loading are shown in Table 4.3-14a for analysis performed without P-Delta
effects, and in Table 4.3-14b for analysis with P-Delta effects included directly in the analytical model. In
each table X direction drifts are computed in the plane of Frame 1 for ELF forces in the X direction with
(plan) clockwise accidental torsion, for ELF forces in the X direction with counterclockwise torsion, and
for ELF forces acting in the Y direction without accidental torsion. The combined values represent the
results for 100% of the X-direction loading plus 30% of the Y-direction loading. As may be seen, the
combined drifts are well below the limit of 2% of the story height. This is due to the fact that the ELF
forces used in the analysis are based on the computed period of vibration, and not the design base shear
which is controlled by Standard Equation 12.8-5. As expected, the drifts computed with the model that
includes P-Delta effects are slightly larger than those computed without P-Delta.
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Figure 4.3-10. Loading conditions applicable for ELF analysis

Table 4.3-14a. X-Direction ELF story drifts in Frame 1 — Without P-Delta

Story 1 2 3 Combined | Combined LIMIT
X Load+eY X-Load- 0.3 Times 1+3 2+3 (in.)
Torsion eYTorsion Y load
(in.) (in.) (in.) (in.) (in.)

12 0.898 0.772 0.004 0.902 0.776 3.00
11 1.335 1.145 0.005 1.339 1.149 3.00
10 1.636 1.403 0.008 1.644 1.411 3.00
9 1.833 1.582 0.023 1.856 1.606 3.00
8 1.835 1.627 0.068 1.903 1.695 3.00
7 1.883 1.673 0.053 1.936 1.726 3.00
6 1.857 1.650 0.047 1.904 1.697 3.00
5 1.864 1.658 0.047 1.911 1.705 3.00
4 1.767 1.580 0.047 1.814 1.627 3.00
3 1.698 1.521 0.045 1.743 1.566 3.00
2 1.587 1.419 0.049 1.636 1.468 3.00
1 1.360 1.209 0.060 1.420 1.269 3.60
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Table 4.3-14b. X-Direction ELF story drifts in Frame 1 — With P-Delta

Story 1 2 3 Combined | Combined LIMIT
X Load+eY X-Load- 0.3 Times 1+3 2+3 (in.)
Torsion eYTorsion Y load
(in.) (in.) (in.) (in.) (in.)

12 0.930 0.804 0.004 0.934 0.808 3.00
11 1.393 1.203 0.005 1.397 1.207 3.00
10 1.729 1.495 0.008 1.737 1.503 3.00
9 1.960 1.710 0.023 1.984 1.733 3.00
8 1.997 1.788 0.068 2.064 1.856 3.00
7 2.072 1.862 0.053 2.124 1.914 3.00
6 2.065 1.858 0.047 2.112 1.905 3.00
5 2.084 1.879 0.047 2.132 1.926 3.00
4 2.041 1.854 0.047 2.088 1.901 3.00
3 1.945 1.767 0.045 1.990 1.812 3.00
2 1.803 1.635 0.049 1.852 1.684 3.00
1 1.529 1.378 0.060 1.589 1.437 3.60

Story drifts for Frame 5 due to Y direction loading are shown in Tables 4.3-15a and 4.3-15b for analysis
not including and including P-Delta effects, respectively. Recall that this frame is only eight stories tall
above the basement wall. Trends are generally consistent with those determined for X direction loading.

Table 4.3-15a. Y-Direction ELF story drifts in Frame 5 — Without P-Deltal]

Story 1 2 3 Combined | Combined LIMIT
Y Load+eX Y-Load-eX | 0.3 Times 1+3 2+3 (in.)
Torsion Torsion Xload
(in.) (in.) (in.) (in.) (in.)

8 1.193 0.974 0.006 1.199 0.980 3.00
7 1.304 1.067 0.009 1.313 1.076 3.00
6 1.303 1.070 0.010 1.313 1.080 3.00
5 1.272 1.042 0.012 1.283 1.053 3.00
4 1.088 0.883 0.011 1.099 0.894 3.00
3 1.043 0.846 0.011 1.054 0.857 3.00
2 0.993 0.811 0.010 1.003 0.821 3.00
1 0.901 0.748 0.007 0.909 0.755 3.60
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Table 4.3-15b. Y-Direction ELF story drifts in Frame 5 — With P-Delta

Story 1 2 3 Combined Combined LIMIT
Y Load+eX Y-Load-eX | 0.3 Times 1+3 2+3 (in.)
Torsion Torsion Xload
(in.) (in.) (in.) (in.) (in.)

8 1.263 1.044 0.006 1.270 1.051 3.00
7 1.376 1.139 0.009 1.385 1.148 3.00
6 1.395 1.162 0.010 1.405 1.172 3.00
5 1.390 1.160 0.012 1.401 1.172 3.00
4 1.192 0.986 0.011 1.203 0.997 3.00
3 1.129 0.933 0.011 1.140 0.944 3.00
2 1.073 0.891 0.010 1.083 0.901 3.00
1 0.974 0.820 0.007 0.981 0.828 3.60

Beam shears for the middle bay of Frame 1 are provided in Tables 4.3-16a and 4.3-16b for analysis with P-
Delta effects excluded and included, respectively. Tables 4.3-17a and 4.3-17b list similar results for Frame
5. Two basic conclusions are drawn from these tables. First, accidental torsion is having a significant effect
on the results, (forces results with positive and negative story torques are significantly different), and P-
Delta effects increase shears at the lower levels by about 10 percent, which is consistent with the increases
in computed displacement.

Table 4.3-16a. X-Direction ELF beam shears in center bay of Frame 1 - Without P-Delta O

Story 1 2 3 Combined | Combined
X Load+eY X-Load- 0.3 Times 1+3 2+3
Torsion eYTorsion Y load
(k) (k) (k) (k) (k)

12 12.9 11.1 0.1 13.0 11.2
11 22.4 19.3 0.1 22.5 19.4
10 30.0 25.8 0.1 30.2 25.9
9 41.5 35.8 0.4 41.9 36.1
8 48.0 42.1 1.3 49.3 43.4
7 63.6 56.5 2.0 65.6 58.5
6 67.5 60.0 1.8 69.2 61.7
5 73.1 65.0 1.8 74.9 66.8
4 73.6 65.7 1.9 75.5 67.6
3 80.3 71.8 2.1 82.4 73.9
2 78.4 70.2 2.2 80.6 72.4
1 69.8 62.2 2.6 72.3 64.8
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Table 4.3-16b. X-Direction ELF beam shears in center bay of Frame 1 — With P-Delta O

Story 1 2 3 Combined | Combined
X Load+eY X-Load- 0.3 Times 1+3 2+3
Torsion eYTorsion Y load
(k) (k) (k) (k) (K)

12 13.2 11.4 0.1 13.2 11.5
11 23.1 20.0 0.1 23.2 20.1
10 31.4 27.2 0.1 31.5 27.3
9 44.0 38.2 0.4 44.4 38.6
8 51.7 45.8 1.3 53.0 471
7 69.4 62.3 2.0 71.4 64.3
6 74.5 67.0 1.8 76.2 68.7
5 81.2 73.1 1.8 83.0 74.9
4 83.6 75.6 1.9 85.5 77.6
3 92.2 83.7 2.1 94.3 85.8
2 89.2 81.0 2.2 91.4 83.2
1 78.6 71.1 2.6 81.2 73.6

Table 4.3-17a. Y-Direction ELF beam shears in center bay of Frame 5 — Without P-Delta

Story 1 2 3 Combined | Combined
Y Load+eX Y-Load-eX | 0.3 Times 1+3 2+3
Torsion Torsion X load
(k) (k) (k) (K) (K)

8 24.6 20.1 -0.1 24.5 20.0
7 37.8 30.9 -0.2 37.6 30.7
6 38.8 31.8 -0.3 38.5 31.6
5 44.0 36.2 -0.4 43.6 35.8
4 45.0 36.7 -0.4 44.5 36.2
3 51.7 41.9 -0.6 51.1 41.4
2 50.7 41.3 -0.5 50.1 40.7
1 47.2 38.9 -0.4 46.8 38.5

Table 4.3-17b. Y-Direction ELF beam shears in center bay of Frame 5 — With P-Delta

Story 1 2 3 Combined | Combined
Y Load+eX Y-Load-eX | 0.3 Times 1+3 2+3
Torsion Torsion Xload
(k) (k) (k) (k) (k)

8 26.0 21.5 -0.1 25.9 21.4
7 39.7 32.8 -0.2 39.4 32.6
6 41.2 34.2 -0.3 40.9 34.0
5 47.5 39.6 -0.4 47.1 39.3
4 49.1 40.8 -0.4 48.7 40.4
3 56.0 46.3 -0.6 55.5 45.7
2 54.5 45.1 -0.5 54.0 44.6
1 50.8 42.5 -0.4 50.3 42.0

4.3.6.2 Modal Response Spectrum Analysis. Modal response spectrum analysis was performed using the
first 12 modes. As described in Section 4.3.5 of this example, this is a sufficient number of modes to capture
more than 90% of the effective mass in the two orthogonal horizontal directions, and for twisting about the
vertical axis. Analysis was run with and without P-Delta effects. Accidental torsion was provided by
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modification of the system mass properties such that the computed center of mass was appropriately shifted
relative to the original center of mass location.

The modal spectral acceleration values associated with the modal periods of vibration are shown in Figure

4.3-11.
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Figure 4.3-11. Response spectrum ordinates for modal response spectrum analysis

The analysis was performed as follows:

Results were determined in each direction of response without accidental torsion (load cases A
and B in Figure 4.3-12) and then with accidental torsion included by physically moving the center
of mass 5% of the building width in the direction perpendicular to the direction of motion (load
cases C, D, E, and F in Figure 4.3-11). For the purpose of presenting results, these cases are
labeled X, Y, XeY+, XeY-, YeX+, and YeX- (where, for example, XeY+ refers to an analysis run
in the X direction with a positive Y mass eccentricity.

For the purpose of determining drift values scaling is not required. Thus, to determine design
values, all modal deflections were multiplied by C4/R, modal inter-story drifts were determined
and combined using CQC, and then the appropriate orthogonal combinations were created by
direct addition of 100 percent of the response in the direction including accidental torsion with
30% of the response in the orthogonal direction, not including accidental torsion. Note that drifts
were checked at the edges of the building as required for torsionally irregular systems (see
Standard Section 12.8.6). The resulting combined values are provided in Tables 4.3-18a and 4.3-
18b for analyses performed without and with P-Delta effects, respectively.

The force scale factors in each direction were computed in accordance with Standard Section
12.9.1.4.1. (Details for computing scale factors are presented at the end of this list.)
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IV.  For the purpose of determining force values, all of the X-direction force results were multiplied
by le/Rx and then scaled by the X-direction scale factor, and the Y direction results multiplied by
l/Rx and scaled by the Y-direction scale factor.

V.  For the purpose of determining force values, all of the X-direction results were scaled by the X-
direction scale factor, and the Y direction results were scaled by the Y-direction scale factor.
Then, to determine design values, the appropriate combinations (e.g. 100% of X with accidental
torsion plus 30% of Y without accidental torsion). The resulting girder seismic shears for the
four different load combinations are provided for Frames 1 and 5 as pictured in Figure 4.3-4.

A B
%
¥ Shaking, Mo Mass Eccentricity ¥ Shaking, Mo Mass Eccentricity
[X Onby] [ Onby]
C D
-EC',]J—]I-
oy oy
w—
¥ Shaking, +Y Mass Eccentricity ¥ Shaking, -¥ Mass Ecce ntricity
[¥+eY] [¥-eY]
E F
::n:} C}d}
¥ Shaking, +X Mass Eccent ricity ¥ Shaking, -X Mass Eccentricity
[¥+eX] [Y-eX]

Figure 4.3-12. Dynamic loadings for linear response history analysis

It is noted that the use of the 100% / 30% combination was used instead of taking the SRSS of the X and Y
direction results. This was done for consistency with the ELF method, and for consistency with the linear
response history method (which combines 100% of X with 100% of Y). Separate analysis (not shown
herein) used the SRSS combinations and the results were generally consistent with the values presented
using the 100% / 30% approach.

Details for Computing Scale Factors

Standard Section 12.9.1.4 provides the requirements for scaling the results of MRS analysis. All member
forces must be scaled such that the base shear computed from the MRS procedure is equal to the seismic
base shear computed in accordance with Standard Section 12.8. For this example displacements need not
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be scaled because Standard Eq. 12.8.6 was not applicable (S: for the building is less than 0.6). The
computed seismic base shear for the building under consideration is 1114 kips in each direction. Note that
the terminology used below for determination the scale factors used in Standard Section 12.9.2 for LRH,
and is used below for consistency.

From the MRS analysis not including accidental torsion and not including P-Delta effects the elastic base
shears in the X and Y directional are:

Loaded in the X direction Vex = 3033 k

Loaded in the Y direction Vey = 3282 k
The fact that the X direction shear is less than the Y direction shear is consistent with the fact that the
fundamental period of vibration in the X direction of 3.5 seconds is greater than the Y direction period

where the period is 3.1 seconds (see Table 4.3-9).

The elastic base shears are based on the elastic spectrum shown in Figure 4.3-11 and must be multiplied by
I/R to obtain the inelastic base shears:

Vix= Vex(le/Rx) = 3033(1.0/8.0) = 375.3 k
Viv= Vey(le/Ry) = 3282(1.0/8.0) = 410.2 k
U