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Cover photograph — Seismic retrofit with shear wall infill at University of California, Berkeley Campus (courtesy of
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For over 30 years, the Federal Emergency Management Agency (FEMA) has
had an extensive and long-term program to address the seismic safety of
existing buildings. This program has led to the development of guidelines
and standards for existing buildings that form the basis of current seismic
evaluation and performance-based design of seismic retrofits in the United
States.

In 2014, the Applied Technology Council (ATC), with funding from FEMA
under Task Order Contract HSFE60-12-D-0242, commenced a series of
projects (ATC-124, ATC-124-1, and ATC-124-2) to develop a document that
would present design examples for seismic retrofit and evaluation of
buildings using the consensus standard ASCE/SEI 41-13, Seismic Evaluation
and Retrofit of Existing Buildings, published by the American Society of
Civil Engineers. This Example Application Guide and its design examples
provide helpful guidance on the interpretation and use of ASCE/SEI 41-13,
and the Guide is intended to benefit both practicing engineers and building
officials who have limited or no experience with ASCE/SEI 41, as well as
those engineers and building officials who have used ASCE/SEI 41 in the
past but have specific questions.

Following the 2014 publication of ASCE/SEI 41-13, the ASCE Standards
Committee on Seismic Rehabilitation initiated work on updating the
standard. This update coincided with the development of this Example
Application Guide, and coordination between the two groups was necessary
to ensure that the guidance provided is current and consistent with the ASCE
41 standard and to stay apprised of issues under consideration by the
committee that might affect the design examples during the development of
the Example Application Guide. In December 2017, ASCE/SEI 41-17 was
published. The examples in this Example Application Guide use ASCE/SEI
41-13 as the basis for the provisions, but noteworthy revisions in ASCE/SEI
41-17 are highlighted.

ATC is indebted to the leadership of Bret Lizundia, Project Technical
Director, and to the members of the ATC-124 Project Teams for their efforts
in developing this Guide. The Project Technical Committee, consisting of
Michael Braund, Jim Collins, Ron LaPlante, Brian McDonald, and Mark
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Moore, managed and performed the technical development efforts. Ryan
Bogart, Lawrence Burkett, Casey Champion, Alex Chu, Jie Luo, Steve
Patton, and Kylin Vail provided assistance in the development of the design
examples as members of the Project Working Group. Chris Tokas developed
many of the figures in the document. Collaboration with the Structural
Engineering Association of California (SEAOC) was ensured through the
participation of the Existing Buildings and Seismology Committees. Russ
Berkowitz served as the SEAOC Program Manager and coordinated the
review effort. During the formation of the project, input from the Project
Focus Group who provided advice on presentation, organization, and ease of
use of the Guide was invaluable. The Project Review Panel, consisting of
David Biggs, Tony Court, Roy Lobo, James Parker, Bob Pekelnicky, Peter
Somers, and Bill Warren provided technical review, advice, and consultation
at key stages of the work. The names and affiliations of all who contributed
to this report are provided in the list of Project Participants.

ATC also gratefully acknowledges Michael Mahoney (FEMA Project
Officer), Drew Herseth (FEMA Project Monitor), and Bill Holmes (FEMA
Subject Matter Expert) for their input and guidance in the preparation of this
document. Carrie Perna (ATC) provided report production services,
Veronica Cedillos (ATC) assisted in project management.

Ayse Hortacsu Jon A. Heintz
ATC Director of Projects ATC Executive Director
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Example Application Guide. The treatment of provisions within the Guide
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is not exhaustive, the reader is referred to the Table of Contents and Chapter

1 for an overview of the organization and scope of the Guide.
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Chapter 1

Introduction

1.1 Purpose

ASCE/SEI 41, Seismic Evaluation and Retrofit of Existing Buildings, is the
consensus national standard for the seismic evaluation and retrofit of existing
buildings. This standard was first published in 2007 (ASCE, 2007) and then
updated in 2014 (ASCE, 2014), and again in 2017 (ASCE, 2017b). Although
ASCE/SEI 41 has been adopted by various jurisdictions, its implementation
can be challenging for those unfamiliar with the provisions because its
methods are different in many ways from those used in the design of new
buildings. This Example Application Guide provides helpful guidance on the
interpretation and the use of ASCE/SEI 41-13 (referred to in this document
as ASCE 41-13) through a set of examples that address key selected topics.
The Guide covers topics that commonly occur where guidance is believed to
be beneficial, with topics effectively organized and presented such that
information is easy to find. Commentary accompanies the examples to
provide context, rationale, and advice, including discussion of revisions to
the standard made in the 2017 publication of ASCE 41-17.

1.2 Target Audience

The target audience for this Guide is both practicing engineers and building
officials who have limited or no experience with ASCE 41-06 or ASCE
41-13 and those engineers and building officials who have used these
documents in the past, but have specific questions. It is assumed that the
user has seismic design experience and a working knowledge of seismic
design concepts. The document includes guidance and examples from
locations representing higher and lower seismic hazard levels.

1.3 Background

In 2014, the ASCE/SEI Standards Committee on Seismic Rehabilitation
completed a three-year process of combining ASCE/SEI 31-03, Seismic
Evaluation of Existing Buildings (ASCE, 2003), and ASCE/SEI 41-06,
Seismic Rehabilitation of Existing Buildings (including Supplement No. 1)
(ASCE, 2007). These two preceding standards are based on methodologies
set forth in a series of documents.
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ASCE 31-03 was an updated version of FEMA 310, Handbook for Seismic
Evaluation of Buildings - A Prestandard (FEMA, 1998¢), which in turn was
an update of the original FEMA 178 report, NEHRP Handbook for the
Seismic Evaluation of Existing Buildings (BSSC, 1992), which was based on
ATC-14, Evaluating the Seismic Resistance of Existing Buildings (ATC,
1987).

ASCE 41-06 began as an updated version of FEMA 356, Prestandard and
Commentary for the Seismic Rehabilitation of Buildings (FEMA, 2000g),
which was in turn an update of FEMA 273, NEHRP Guidelines for the
Seismic Rehabilitation of Buildings (FEMA, 1997a), and FEMA 274,
NEHRP Commentary on the Guidelines for the Seismic Rehabilitation of
Buildings (FEMA, 1997b).

A timeline of development of the standards is shown in Figure 1-1.

MEHRF Hanook for he Seismio
Evahsations of Exlsting Buliding

Seismic Evaluation of
Existing Buildings

ASCE -
FEMA 178 FEMA 310 ASCE 31-03
— 1
| | | | | >
| I i J | | "
1990 1995 20100 2005 2010
——
sl con o TP R ASCE 41-13
asce _ﬁ“e
FEMA 273 FEMA 356 ASCE 41-06
Figure 1-1 Development of seismic evaluation and retrofit procedures.
ASCE 31-03 and ASCE 41-06 were used widely in the profession, especially
in California. Regulatory agencies, such as the California Office of
Statewide Health Planning and Development (OSHPD) for hospitals and the
California Division of the State Architect (DSA) for schools, and public
building owners, such as the U.S. General Service Administration and the
1-2 1: Introduction FEMA-P-2006



Department of Veterans Affairs, have directly referenced or permitted the use
of these documents to evaluate and retrofit existing buildings (Pekelnicky
and Poland, 2012). In 2009, when the standards committee initiated the
update cycle for ASCE 31 and ASCE 41, it was decided to combine the
standards into one document and to coordinate the evaluation and retrofit
procedures. The combined standard, ASCE 41-13, retains the three-tiered
approach found in ASCE 31-03, while relying on the technical provisions in
ASCE 41-06 as the basis for all the analytical procedures. Appendix B
provides a summary of key changes from the ASCE 41-06 edition that were
made for ASCE 41-13.

ASCE 41-13 was developed by the ASCE Standards Committee on Seismic
Rehabilitation following a consensus standard process that has been
accredited by the American National Standards Institute (ANSI). This
development process required significant balloting of both technical and
organizational changes in the standard through a diverse committee of
structural engineers, academic professors and researchers, and industry
representatives. Subcommittees and technical issue teams were formed to
focus on specific topics and technical updates and to investigate potential
inconsistencies when combining the ASCE 31-03 and ASCE 41-06
standards. The efforts of the ASCE Standards Committee on Seismic
Rehabilitation spanned more than a three-year period and included a public
review and commenting process following the Committee’s approval of the
standard.

All ASCE standards are typically updated or reaffirmed by the consensus
standards development process at intervals of approximately five years. The
ASCE Standards Committee on Seismic Rehabilitation published ASCE
41-17 in 2017. Substantial changes in this most recent edition of the
standard are discussed in Section 2.4 of this Guide.

1.4 Basic Principles of ASCE 41-13

The basic principles and philosophical approach of ASCE 41-13 differ from
those used for seismic design and detailing requirements of building codes
for new structures.

Design of the seismic force-resisting system for new buildings in standards,
as outlined in ASCE/SEI 7-10, Minimum Design Loads for Buildings and
Other Structures (ASCE, 2010), is based on prescriptive design and detailing
provisions for components. Note that the ASCE 7-16 update to ASCE 7-10
was recently published in 2017 (ASCE, 2017a), but since ASCE 41-13
references ASCE 7-10, this Guide also uses ASCE 7-10. For economic
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reasons, structures designed to this standard are not designed with sufficient
strength to remain elastic and undamaged under design seismic loading, but
instead are detailed to be able to sustain seismic damage while continuing to
withstand vertical and lateral forces. Structural components are thus
designed for seismic demands that are modified by the code-specified system
coefficients. These factors are used across the structure, in recognition of a
relatively high level of confidence in material properties and of well-
controlled detailing requirements.

Based on these provisions, the code for new buildings allows for a uniform
application of system coefficients and also provides a margin of safety to
account for uncertainty in earthquake hazards, building response, and the
design and construction processes.

Like new buildings designed per ASCE 7-10, existing buildings typically do
not have sufficient lateral capacity to remain elastic and undamaged in the
design seismic event. Unlike new buildings, many existing structures have
archaic or irregular lateral systems or lack the ductile detailing required by
more recent building codes. Thus, the inelastic behavior of components is not
expected to be consistent throughout an existing structure, and component
ductility capacities must be evaluated individually.

ASCE 41-13 includes provisions for linear and nonlinear analysis, both of
which capture the effect of ductility and yielding through individual
modifiers rather than global ones. In both linear and nonlinear analyses,
global seismic demands applied to the analysis model are unreduced from the
elastic level. Linear analysis accounts for the ductility of individual
components by applying component-specific m-factors, which allow the
calculated elastic seismic demands on individual elements to reach several
times the elements’ expected capacities. In nonlinear analysis, component
ductility is modeled directly through component-specific nonlinear yielding
curves, so that ductile elements can deform and soften when overloaded.

ASCE 41-13 more explicitly targets levels of performance than ASCE 7-10
by establishing performance objectives that pair levels of shaking with
expected performance levels. Section 2.1 of this Guide provides a more
detailed technical overview of ASCE 41-13 and performance objectives.
Section 2.2 of this Guide provides a more detailed technical discussion of the
ASCE 41-13 philosophy and compares it with that of the ASCE 7-10
provisions.

1-4
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1.5 Scope of the Example Application Guide

This Guide illustrates provisions set forth in ASCE 41-13. Brief commentary
is provided regarding relevant provisions from ASCE 41-17.

Writing a practical guide that addresses all aspects of a document as complex
as ASCE 41-13 is simply not possible. Therefore, one of the critical tasks for
the project team was to select those topics and building types that would
most benefit from additional guidance or worked examples. The selection
was informed by a survey of current ASCE 41 users, who identified issues
that would most benefit from a design guide.

1.5.1 Organization of Guide

The Guide presents a combination of short topic examples in the earlier
chapters and more detailed building and material specific examples in the
later chapters. When possible, specific building examples were sourced from
previously published design example documents, and adapted for the needs
of the specific example.

The Guide is organized to follow the order of ASCE 41-13, where possible.

e Chapter 2 provides an overview of ASCE 41-13, discusses how ASCE
41-13 fits in the overall process of seismic evaluation and retrofit design,
reviews changes from the previous ASCE 41-06 version, summarizes
key changes in the recently published ASCE 41-17 edition, and finishes
with general words of advice and tips on successful strategies for using
ASCE 41-13.

e Chapter 3 and Chapter 4 provide a series of specific examples related
to a number of topics including: Performance Objectives and Target
Building Performance Levels; Seismic Hazard Levels; the Levels of
Seismicity used in ASCE 41-13; data collection, material testing, and
knowledge factors; analysis procedures; determination of forces and
target displacements; primary versus secondary elements; force-
controlled and deformation-controlled actions; overturning; out-of-plane
wall strength; and nonstructural components. These key topics are
drawn from ASCE 41-13 Chapters 2, 3, 6, 7, and 13.

e Chapter 5 addresses general foundation evaluation strategies and issues.
It covers bounding analyses, load-deformation curves, useful soil-
structure interaction techniques, and important collaboration needs with
geotechnical engineers. These key topics are drawn from ASCE 41-13
Chapter 8.
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e Chapter 6 reviews Tier 1 screening and Tier 2 deficiency-based
evaluation and retrofit. Several examples are provided including a
detailed example using a tilt-up building. These key topics are drawn
from ASCE 41-13 Chapter 4 and Chapter 5, as well as Chapter 7 and
Chapter 12.

e Chapter 7 through Chapter 13 provide design examples for a wood
tuck-under building, older steel moment frame, steel braced frame, older
concrete shear wall, and an unreinforced masonry bearing wall building.
These are more complete examples where a relatively comprehensive
evaluation and retrofit are shown. Examples cover a range of seismicity
levels, Performance Objectives, and analysis procedures.

e Appendix A provides a list of other documents that present design
examples that may also be useful.

e Appendix B provides a summary of important changes made in ASCE
41-13 from the provisions in ASCE 41-06.

Table 1-1 shows a summary of the system-specific example applications
presented in this Guide. The structure types are identified in terms of
common building types, as defined in ASCE 41-13 Table 3-1. Figure 1-2
shows an image of each design example building.

A list of symbols defining key notation, and a list of references cited are
provided at the end of this Guide.

1.5.2 What is Not Covered in the Guide

The Guide does not provide retrofit cost information or detailed information
about retrofit techniques. Additionally, the following outlines the topics not
included in this Guide. Appendix A provides a matrix of other design guides
that address many of these topics.

o Seismic Design Concepts: Although the target audience for the Guide
may include those with limited experience with ASCE 41, it is assumed
that they have seismic design experience and a working knowledge of
seismic design concepts. Thus, the Guide does not provide detailed
discussion of such concepts.

e Construction Documents: No guidance is provided on the preparation
of construction documents and describing the retrofit work to a
contractor. FEMA 547, Techniques for the Seismic Rehabilitation of
Buildings (FEMA, 2006), is a helpful source for such information.

1-6
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Table 1-1 Summary of Examples Covered in the Guide

Evaluation/
Chapter | FEMA Risk Level of Performance Analysis Retrofit
No. Building Type | Category Location Seismicity Objective Procedure Procedure
6 PC1 Il Anaheim, CA | High BPOE LspP Tier 1 and
Tier 2
7 Wi1a I San Jose, CA High BPOE and LSP Tier 1 and
Partial Retrofit Tier 3
8 S1 Il San Francisco | High BPOE LSP, LDP, Tier1,2,3
Bay Area, CA NSP
9 S2 11} Charlotte, NC | Moderate Immediate LSP, NSP Tier 1T and
Occupancy at Tier 3
BSE-1N
10 C2 Il Seattle, WA High BPOE LSP Tier 3
11 C2 Il Seattle, WA High BPOE NSP Tier 3
12 URM Il Los Angeles, High Reduced Special Special
CA Procedure Procedure
13 URM Il Los Angeles, High BPOE LSP Tier 3
CA
Notes: PC1 = Precast or tilt-up concrete shear walls with flexible diaphragm
W1la = Wood multi-story, multi-unit residential (tuck-under)
S1 = Steel moment frame with stiff diaphragm
S2 = Steel braced frame with stiff diaphragm
C2 = Concrete shear wall with stiff diaphragm
URM = Unreinforced masonry bearing wall
LSP = Linear Static Procedure
LDP = Linear Dynamic Procedure
NSP = Nonlinear Static Procedure

BPOE = Basic Performance Objective for Existing Buildings (see Chapter 2 of this Guide)
BSE-1E = Seismic Hazard Level (see Chapter 2 of this Guide)
BSE-1N = Seismic Hazard Level (see Chapter 2 of this Cuide)
e Performance Criteria: Only general discussion is provided on the

selection of performance criteria that may be mandated by the existing

building code adopted by the governing jurisdiction, local ordinance, or

is otherwise addressed in ASCE 41-13. The requirements of specific

jurisdictions are not discussed.

e Computer Modeling and Software: No guidance is provided on the
use of specific analysis software or complete computer models other than
tips and general guidance on specific modeling issues that should be
considered.

¢ Geotechnical Topics: Limited guidance is provided on geotechnical
issues that would otherwise be performed by a geotechnical engineer.
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Figure 1-2

The focus is on the scope and tasks performed by a structural engineer as
they relate to foundation design and geohazard mitigation.

Nonstructural Components: Nonstructural components in buildings
should be considered in all seismic strengthening projects; however, this
Guide only shows a simple example on the application of the
nonstructural provisions of ASCE 41-13. The lack of numerous
examples in this document is not to deemphasize the importance of

lllustration of selected example buildings in this Cuide (clockwise from upper left: PC1, W1a,

S1,52, C2, URM).

1-8
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addressing these nonstructural systems, but rather, as often done on
major seismic strengthening projects, the nonstructural components are
typically replaced or strengthened to comply with those provisions
applicable to new buildings in ASCE 7. Furthermore, the 2015
International Existing Building Code (IEBC) does not require
nonstructural components to be strengthened when mandatory seismic
strengthening is triggered.

e Seismic Isolation and Energy Dissipation: No examples are provided
for seismic isolation or energy dissipation systems as these are used
infrequently; the topics are highly specialized, and there are other
publications that provide guidance.

e Other Seismic Rehabilitation Documents: The design examples in this

Guide are focused on ASCE 41-13 and do not address other seismic
rehabilitation documents and special procedures, such as the [IEBC
Appendix Chapters (ICC, 2015). However, where such overlap exists,
such as in the unreinforced masonry bearing wall design example, some
reference to similar procedures contained in other seismic rehabilitation
documents is provided.

e Retrofit Techniques: Although examples in this Guide will show
analysis of selected retrofits, detailed information about retrofit
techniques is not provided. A document such as FEMA 547 (FEMA,
2006) provides extensive information on retrofit techniques and should
be referenced.

1.6 How to Use this Guide

ASCE 41-13 is a standard developed through a consensus-based process. On

the other hand, this Example Application Guide and the examples within it
have been developed by the FEMA-funded ATC project team, with input
from the Structural Engineers Association of California’s Existing Buildings
and Seismology Committees.

The examples in the Guide do not necessarily illustrate the only appropriate
methods of design and analysis using ASCE 41-13. Proper engineering
judgment should always be exercised when applying these examples to real
projects. The Example Application Guide is not meant to establish a
minimum standard of care but, instead, presents reasonable approaches to
solving practical engineering problems using the ASCE 41-13 methodology.

Margin boxes like the one shown here are used to highlight useful tips and
key terms, offer commentary on key issues and alternative approaches,

Useful Ti
Throughout the Example

Application Guide, blue margin

boxes are used to draw attention

to key issues, short cuts,
alternatives, and other issues.
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summarize design example features, and identify provisions that changed in
ASCE 41-17.

Several other helpful features are also provided. These include the

following:

A matrix in the section “Location of ASCE 41-13 Provisions” shows the
location in the Guide for specific ASCE 41-13 sections.

Flowcharts summarize the steps in more complicated analysis
procedures.

Graphics illustrate building geometry, key components, and free-body
diagrams in calculations.

In developing the Guide, several strategies and conventions were adopted in

the design example presentations. These include the following.

Where there are a series of similar components that would be evaluated
by the same calculation procedure, a worked out example of the
calculations is typically shown in detail only once. Summary tables then
show the results for the other similar components.

Significant figures are taken to a reasonable level for engineering
presentation that is generally consistent within the example. Summary
tables often are based on calculation spreadsheets that have more
significant figures, so the final value of a calculation or compilations in
tables that add values can have small roundoff differences.

The focus is on key selected items in each example to keep the document
size manageable. Not all necessary items that would need to be checked
or designed are shown. In many cases, a list of these additional items is
provided.

Computer output is shown in some design examples. Neither FEMA,
nor the authors and project participants, endorse any particular computer
software program or vendor.

For brevity, the convention “ASCE 41-13 § 7.13” is used when referring
to that section within the standard. For other standards, the section
symbol “§” is not used, and the convention is ACI 318-11 Section
21.13.4. To avoid confusion between a section in a standard and one
within this Example Application Guide, a convention such as “Section
8.4 of this Guide” has been established.

Terminology in the Guide is intended to match that given in ASCE
41-13, including capitalization. A glossary is provided for convenience.

1-10
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Chapter 2

Guidance on Use of
ASCE 41-13

2.1 ASCE 41-13 Overview

The ASCE 41-13 standard establishes a performance-based design
methodology that differs from seismic design procedures for new buildings,
and is a combination of ASCE/SEI 31-03, Seismic Evaluation of Existing
Buildings (ASCE, 2003), and ASCE/SEI 41-06, Seismic Rehabilitation of
Existing Buildings (ASCE, 2007). The provisions are wide-ranging to
accommodate buildings of different types and eras, and address a variety of
structural and nonstructural systems. Where structural materials or
components are not explicitly addressed in ASCE 41-13, guidelines are also
provided to utilize the standard for these cases.

Performance-based design concepts are implemented through a selection of
one or more targeted building Performance Objectives consisting of pairings
of Building Performance Levels and Seismic Hazard Levels. A Building
Performance Level is a combination of the performance of both the structural
and nonstructural components and is expressed as a discrete damage state:
Immediate Occupancy (I0), Damage Control, Life Safety (LS), Limited
Safety, and Collapse Prevention (CP) for Structural Performance Levels; and
Operational, Position Retention, Life Safety, and Not Considered for
Nonstructural Performance Levels. There is also the Enhanced Safety
Structural Performance Range that covers the damage states between the
Immediate Occupancy and Life Safety Structural Performance Levels and the
Reduced Safety Structural Performance Range that covers the damage states
between the Life Safety and Collapse Prevention Structural Performance
Levels. Seismic Hazard Levels are defined as their probability of
exceedance in a specified time period and may include, for example, a
ground motion with a 10% probability of exceedance in 50 years or 50%
probability of exceedance in 50 years. ASCE 41-13 contains multiple
predefined Seismic Hazard Levels including Basic Safety Earthquake (BSE)
levels BSE-1E and BSE-2E for use with the Basic Performance Objective for
Existing Buildings, and BSE-1N and BSE-2N for use with the Basic
Performance Objective Equivalent to New Building Standards. The BPOE
and BPON Performance Objective definitions are given in ASCE 41-13

Key Terms

Building Performance Level:
What happens to the building in
the earthquake?

Seismic Hazard Level: How
severe is the shaking?

Performance Objective: How
much damage is acceptable at a
given intensity of shaking?
Immediate Occupancy (10):
Building is safe to occupy soon
after an earthquake

Life Safety (LS): Structure is
damaged but retains a margin
against the onset of collapse

Collapse Prevention (CP):
Structure is domaged and
maintains gravity support but
retains no margin against
collapse

BSE-2N: Ground motion
consistent with that used in ASCE
7-10 for new buildings and
defined as the Risk-Targeted
Maximum Considered Earthquake
(MCE,)

BSE-1N: Ground motion defined
as 2/3 of the BSE-2N

BSE-2E: Ground mofion defined
as 5% probability of exceedance

in 50 years, but not greater than
BSE-2N

BSE-1E: Ground motion defined
as a 20% probability of

exceedance in 50 years, but not
greater than BSE-IN
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Table 2-1 and Table 2-2, and they depend on the Risk Category for the
building.

ASCE 41-13 provides a three-tiered evaluation and retrofit approach that can
be used as an efficient means for identifying and mitigating potential seismic
deficiencies in an existing building. There are limitations on building types
and heights, as well as vertical and horizontal combinations of seismic-force-
resisting systems, for which the Tier 1 and Tier 2 procedures are permitted.
For eligible buildings, the Tier 1 Screening Procedure is used to assess
primary components and connections in the seismic force-resisting system,
as well as nonstructural systems, through the use of standardized checklists
and simplified structural calculations (called Quick Checks). The checklist
screening is general in nature and intended to familiarize the design
professional with the building characteristics and components and to identify
potential seismic deficiencies that may preclude the building from meeting
the given Performance Objective. If the building conforms to a model
building type and no potential deficiencies are identified in the Tier 1
screening, there is sufficient confidence that the building will meet the given
Performance Objective and further engineering evaluation is not required by
the standard. If a Tier 1 screening does not demonstrate compliance with the
Performance Objective, then a Tier 2 Deficiency-Based Evaluation may be
performed utilizing linear analysis procedures to review those items
identified as potential deficiencies. Tier 1 and 2 procedures are intended to
assess and reduce seismic risk efficiently by using simplified procedures for
specific building types and are permitted to demonstrate compliance with
only Immediate Occupancy, Damage Control or Life Safety Structural
Performance Levels depending on the Risk Category of the structure.

For structures not meeting the Tier 1 and Tier 2 criteria and limitations, or
where the design professional decides to perform a more detailed evaluation
for any Structural or Nonstructural Performance Level, the procedures for the
Tier 3 Systematic Evaluation Procedure should be used to assess all of the
building components. The Tier 3 analysis may confirm deficiencies that
were identified as potential deficiencies in the Tier 1 evaluation. The Tier 3
procedure utilizing nonlinear analysis may also lead to a more economical
retrofit solution in cases when the simplified Tier 1 and 2 procedures provide
conservative results. Because the Tier 2 and Tier 3 procedures reference the
same linear analysis provisions, a Tier 3 linear analysis will produce similar
results to a Tier 2 approach.

Four types of analysis procedures are permitted in ASCE 41-13 for the
evaluation of building performance:

2-2
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e Linear Static Procedure (LSP)
e Linear Dynamic Procedure (LDP)
e Nonlinear Static Procedure (NSP)

e Nonlinear Dynamic Procedure (NDP)

The LSP and LDP are the only procedures permitted for Tier 2 analyses,
while any of the four methods may be used for Tier 3. For the LSP and LDP,
the analysis is expected to produce displacements that approximate
maximum displacements expected for the selected Seismic Hazard Level, but
will produce component forces that exceed those that would occur in a
yielding building. Component actions are defined as force-controlled
(remains elastic) or deformation-controlled (allowed to exceed the yield
capacity of the element). The acceptance criteria for deformation-controlled
actions include component modification factors (m-factors) to account for
anticipated inelastic response demands and capacities.

For the nonlinear procedures, considerable judgment and experience are
required to model the necessary portions of the building as a nonlinear
system with the structural components (e.g., beams, columns, connections,
and foundations) represented using the modeling parameters (backbone
curves) provided in the standard. Component demands are evaluated using
acceptance limits for the associated component action and structural
performance level. These nonlinear modeling parameters and acceptance
criteria can also be used for the design of a new building when the
Performance Objective is shown to provide equivalency to that of new
building codes and standards.

For additional information on the development of the methodology, refer to
FEMA 274, NEHRP Commentary on the Guidelines for the Seismic
Rehabilitation of Buildings (FEMA, 1997b).

2.2 Compatrison of ASCE 41-13 and ASCE 7-10 Design
Principles

This section provides a detailed summary and comparison of the basic
principles and philosophical approach of ASCE 41-13 for existing buildings
and ASCE/SEI 7-10, Minimum Design Loads for Buildings and Other
Structures (ASCE, 2010), for new structures.

2.2,1 New Building Seismic Design Principles

Design of the seismic force-resisting system for new buildings in standards
such as ASCE 7-10 is based on prescriptive design and detailing provisions

Key Terms

LSP: Linear static procedure
LDP: Linear dynamic procedure
NSP: Nonlinear static procedure

NDP: Nonlinear dynamic
procedure

Backbone curve: Force versus
deformation curve for a specific
component action (e.g. shear,
axial, etc.)
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for components. For economic reasons, the structure is designed and detailed
to sustain damage with specific members expected to yield under the design
seismic loading (SEAOC, 2008b). The structural system is also designed to
meet an established set of conditions and configurations so that the building
can be analyzed with a uniform set of system coefficients (R, £y, and C,) and
global design requirements, such as base shear strength, inter-story drift, and
torsion.

Special detailing provisions are intended to allow yielding in predetermined
zones, which are designed to sustain cyclic, inelastic action during an
earthquake. Since the gravity system undergoes the same lateral
displacement as the vertical seismic force-resisting system, components that
support gravity loads are also designed with special detailing provisions to
help ensure displacement compatibility and that global stability is not
compromised.

The anticipated inelastic behavior is incorporated into the design with the
response modification factor, R. The R-factor is dependent on the seismic
force-resisting system and results in a design base shear (V' in Figure 2-1) that
is a fraction of the elastic seismic force (V¢ in Figure 2-1). Since the design
and detailing requirements are controlled, the nonlinear behavior is assumed
to be consistent throughout the structural system, and a single R-factor is
utilized in the design of all components.

VE=RV|

~—— Elastic response

Lateral seismic force, V
V(R-1)

Vy T B \

V(Q-1) \

Ay Ap= CyAg
Ap(Cy-1)

Lateral deformation (drift), A

Figure 2-1 System force-deformation relationships and terminology used in
new building design procedures of ASCE 7-10.
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The system overstrength factor, £y, is dependent on the material and the
seismic force-resisting system. The €, factor is intended to address the
potential for increased forces, V', due to actual, higher material strengths and
any post-yield strength increase for the structural system. This factor is only
utilized for particular components and connections to ensure a strength
hierarchy and to control the inelastic behavior in specific zones. Similarly,
the deflection amplification factor, Cg, is dependent on the material and
structural system and is used to approximate the inelastic deformation, Ap,
beyond the design displacement, A4, which results from designing the
structure with an R-factor. For more information on the derivation of these
system coefficients, refer to the ASCE 7-10 Commentary.

Figure 2-1 shows an example force-displacement relationship along with the
aforementioned system coefficients and design parameters for new building
seismic design.

For new building design, a relatively high level of confidence in component
capacities is achieved with material testing requirements and the application
of a strength reduction factor, ¢.

Through the use of these provisions, codes and standards for new buildings
allow for a uniform application of system design coefficients and also
provide a margin of safety to account for variability in building response and
the design and construction processes, as well as uncertainty in earthquake
hazards.

2.2.2 ASCE 41-13 Seismic Evaluation and Retrofit Design
Principles

The provisions in ASCE 41-13 for the evaluation and retrofit of existing
buildings are based upon component-level assessments, as opposed to the
system-level approach for new buildings. Existing buildings have a wide
range of seismic force-resisting system types, varying from de-facto systems
of archaic materials (unreinforced masonry) to systems that are similar to
those used in new building construction (concrete frames). Most of these
systems typically do not meet the detailing requirements required by more
recent building codes for the seismic force-resisting system and gravity load-
carrying system. Therefore, the inelastic behavior of components may not be
consistent throughout a structure, and the components must be evaluated on
an individual basis to assess the seismic performance. The component-level
assessments are in turn utilized to evaluate the likely global performance of
the structure.

FEMA P-2006 2: Guidance on Use of ASCE 41-13
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The ASCE 41-13 provisions apply a displacement-based approach for the
various analysis procedures. A fundamental difference between ASCE 41-13
and ASCE 7-10, which reduces the demand with a system R-factor, is that
ASCE 41-13 linear procedures capture yielding and ductility through
modifiers (m-factors) that increase the elastic capacity of component actions
to determine adequacy compared to an unreduced seismic demand; these
modifiers vary by material and target building performance, and are specific
to each component action. The ASCE 41-13 linear analysis procedures are
intended to provide a conservative and approximate estimate of building
response and a reliable performance. Nonlinear analysis procedures typically
provide a more accurate assessment of building response and performance by
explicitly incorporating yielding in all of the components in a structural
model. Accordingly, nonlinear procedures utilize less conservative
acceptance criteria than those used for linear procedures for the same target
Performance Objective.

A pseudo seismic force is calculated in the ASCE 41-13 linear static
procedure (LSP) similar to the base shear used for new buildings. However,
the pseudo seismic force is unreduced (no R-factor) and includes
modification factors (Ci, C», and C,) to account for expected inelastic
displacements, strength degradation, and higher mode effects. The
unreduced seismic force is applied to the building, and the resulting demand
on each component is assessed. Component yielding and ductility, where
expected to occur, are accounted for with modification factors applied to the
component capacity. Specifically, ductile component actions, such as flexure
in a moment frame beam, are evaluated as deformation-controlled by using
expected material capacities and m-factors in proportion to the acceptable
level of ductility. Because ASCE 41-13 addresses ductility at a component
level rather than a global level like ASCE 7-10, the seismic demand forces
for the LSP are typically significantly higher than that determined using new
building code design, since the seismic demand is not reduced by a global
R-factor. The component capacities, which include expected material
strengths and are multiplied by component-specific m-factors, are
correspondingly higher as well. Select components, including those deemed
to be critical to maintaining gravity support, are evaluated as force-controlled
components, which are required to remain essentially elastic and their
capacities are not increased by ductility factors. The linear dynamic
procedure (LDP) is a response-spectrum-based modal or linear response
history analysis procedure that is utilized when the distribution of seismic
forces within a structure cannot be adequately assessed with the LSP.

2-6
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Figure 2-2 shows a typical force-displacement relationship and some of the
corresponding terminology used for linear procedures in ASCE 41-13. The
underlying concept is that when the amplified pseudo seismic force is applied
to a linearly elastic model of the building, then the resulting displacement
amplitude approximates the maximum displacement expected during the
selected Seismic Hazard Level.

4 g Compare to demand
— mQepp---ieeeee..__/ from amplified pseudo
m-factor seismic base shear
;ﬁer'jfzsr_wﬂh V=C,GC,SW
mance . Actual
_| Objective — Force-Deformation

Ocef =777
\_\/ Idealized

Force-Deformation

A Effective /

Stiffness

Component Action Capacity
(P, V, M)

Deformation

Figure 2-2 Deformation-controlled component force-displacement relationships and
terminology used in ASCE 41-13.

The nonlinear static procedure (NSP) utilizes a nonlinear mathematical
model with the structural components’ strength, stiffness, and yielding
characteristics explicitly modeled. The building is subjected to increasing
lateral deflection while the displacement demand on seismic force-resisting
elements is evaluated. This process captures yielding of individual
components and any redistribution of forces, resulting in an idealized lateral
force versus displacement relationship for each direction under consideration.
A target (demand) displacement is approximated based on the spectral
acceleration and modification factors that are similar to those used in the
LSP. The components of the seismic force-resisting system and gravity
system are evaluated at the target displacement using the appropriate
component action acceptance criteria. The nonlinear dynamic procedure
(NDP) utilizes a similar mathematical model subjected to ground motion
acceleration histories to obtain forces and displacements, which are also
compared to component acceptance criteria.

The performance-based design approach of ASCE 41-13 is intended to
evaluate the building for the actual expected behavior during an earthquake.
Therefore, the expected component strength, Ocg, is used with a strength
reduction factor of ¢ = 1.0. Existing buildings often have no inspection or
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materials testing records, so destructive investigation may be used to
determine material properties. Depending on the level of information
available, default material strengths may be utilized, and a knowledge factor
may be applied to reduce the material strength where appropriate.

2.2.3 ASCE 7-10 and ASCE 41-13 Design Examples

2.2.3.1 Overview

In order to illustrate the differences between the ASCE 7 and ASCE 41
approaches, the following design examples include calculations for the
concrete building described in Chapter 10 of this Guide using both the ASCE
7-10 and ASCE 41-13 standards to derive the following:

e Design base shear values

e Design forces and capacities for a concrete shear wall

The building is a three-story office building located in Seattle, Washington
comprised of concrete shear walls with concrete frames. For the purposes of
comparison, the BSE-2E seismic hazard level is used for both analyses. (For
more information on Seismic Hazard Levels and determination, see Section
3.3 of this Guide.)

2.2.3.2 ASCE 7-10 Example

In accordance with ACI 318-11, Building Code Requirements for Structural
Concrete and Commentary (ACI, 2011), Section 21.13.4, the gravity frame is
detailed to produce a ductile flexural response and is not relied upon to resist
any seismic forces. Therefore, the shear walls are designed to resist all of the
seismic forces.

The design spectral response acceleration for the BSE-2E seismic hazard
level is Sps = 1.08g, as shown in Section 10.2.3 of this Guide.

The structural system is assumed to be an ordinary concrete shear wall
building frame system because of the lack of reinforcing detailing in the
existing wall. Therefore, the seismic design parameters are R = 5 and
©y=2.5 (ASCE 7-10 Table 12.2-1). Note that this seismic force-resisting
system would not be permitted for new building construction at this location.

The base shear is:

V. =CW=Sps/(RIL)W (ASCE 7-10 Eq. 12.8-1)
= 1.08/(5/1.0)W =0.216W

Given a seismic weight of W = 2,880 kips, the base shear is V= 622 kips.
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The shear demand in Wall D is given in Table 10-9 of this Guide as 23% of
the total base shear, so the resultant Wall D shear force is V,, = 0.23 x 622
kips = 143 kips.

The material strengths of the concrete and reinforcement are given as:

f! =2,500 psi

£y =40,000 psi
Note that special concrete shear walls would be required for new
construction and ACI 318-11 would not permit a concrete strength, £, of

less than 3,000 psi or a reinforcing ratio, p, less than 0.0025; however, these
values are used for the sake of this comparison.

For Wall D, the shear wall strength is given by ACI 318-11 Equation 21-7:

I/" = Acv(acﬂ“\/?c,_i_pt.f:v)
= 1,920 2.0(1.0)+/2,500 +0.0016(40,000) | x 10 =315 kips

Per the example in Chapter 10 of this Guide, the wall is flexure-controlled, so
the shear strength is:

#Vu=0.75(315 kips) = 236 kips
The ratio of V,/¢V is:
Vi@V, = (143 kips)/(236 kips) = 0.61
Therefore, the wall has adequate capacity to resist the demand.

2.2.3.3 ASCE 41-13 Example

The relative rigidity and distribution of forces to the shear wall and frame are
unknown, so both would be evaluated in the ASCE 41-13 analysis. For this
example, only the shear wall evaluation is performed, and the shear wall is
assumed to resist all of the seismic forces.

The linear static procedure is utilized for this example with the pseudo
seismic force (base shear) calculated for the transverse direction per Section
10.4.7 of this Guide. As in the previous ASCE 7-10 example, the BSE-2E
seismic hazard level is selected with S, = 1.08g. The Life Safety
Performance Level is used in this example to be consistent with the
underlying performance assumed by ASCE 7-10.

V. =CiCCuS W (ASCE 41-13 Eq. 7-21)
= 1.17(1.01)(0.8)(1.08) ¥ = 1.02(2,880) = 2,940 kips

FEMA P-2006 2: Guidance on Use of ASCE 41-13
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Commentary

In traditional engineering practice,
the term demand-capacity ratio or
DCR represents the code demand
divided by the capacity. For shear
in a shear wall at the factored
level, this would be V,/¢V..

ASCE 41-13 has a different and
very specific definifion of DCR.
ASCE 41-13 Equation 7-16 defines
DQR as @,/ Q. The capacity does
not include the m-factor or
knowledge factor, k. The DCR is
thus a measure of required
component ductility.

In the Example Application Guide,
the ferm “acceptance ratio” is
defined as @, /mkQ as this
represents the traditional concept
where a component with an
acceptance ratio equal to or less
than one would have “acceptable”
or sufficient capacity.

C,, (3, and C,, are modification factors calculated in Section 10.4.6.1 of this
Guide.

The resultant shear demand in Wall D is given in Table 10-9 of this Guide as:
QUD =672 klpS

Note that the ASCE 41-13 shear demand is significantly higher than in the
ASCE 7-10 analysis.

The capacity of Wall D is determined using expected material strengths (see
Section 10.3 of this Guide):

/1 =2,500 (1.5) = 3,750 psi
fre =40,000 (1.25) = 50,000 psi

The expected shear strength of the wall is calculated similarly to the previous
section with ¢ = 1.0 and is reported in Section 10.4.4 of this Guide as:

QCE = 388 kips
As shown in Section 10.5.1 of this Guide, the wall is treated as deformation-
controlled. An m-factor of m = 2.33 is calculated for the Life Safety
Performance Level from ASCE 41-13 Table 10-21, and the knowledge factor
is taken as k= 0.9.
The resultant acceptable shear wall loading is:

mxQce = 2.33(0.9)(388 kips) = 814 kips
Note the expected elastic shear wall capacity determined using ASCE 41-13
procedures is also significantly higher than that calculated with ASCE 7-10.
Therefore, the acceptance ratio of Qup/mxQck is:

Qup/mxQck = (672 kips)/(814 kips) = 0.83

Again, the wall has adequate capacity to resist the demand.

2.2.3.4 Summary and Comparison

The demand and capacity for the shear wall are shown in Table 2-1 for the
two different standards. As previously noted, the ASCE 41-13 approach
provides higher demands and capacities relative to the ASCE 7 procedure.

For new building design using ASCE 7-10, extensive detailing provisions
would be followed to complete the design of the shear wall (e.g., boundary
elements), as well as the gravity frame and other structural components.
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Table 2-1  Summary of Shear Wall Demands, Capacities, and
Acceptance Ratios

Acceptance Ratio

Vu/@V, or

Standard Demand Capacity Quo/MmxQc
ASCE 7-10 V, = 143 kips @V, = 236 kips 0.61
ASCE 41-13 Qup = 672 kips mxQc = 814 kips 0.83

For an existing building evaluation using ASCE 41-13, components would be
analyzed based on the as-built detailing and resultant m-factors, and then
compared to the unreduced seismic demand. Where acceptance criteria are
not satisfied, the structural system may be augmented to reduce individual
component demand, or the specific component strength and/or ductility may
be increased.

Although there is no direct comparison between the ASCE 7-10 and ASCE
41-13 approaches, the philosophies of new building design and existing
building evaluation and retrofit are similar when considered from a purely
mathematical standpoint. The R-factors reduce the demand and are generally
constant for the building, whereas m-factors increase the capacity and vary
depending on the expected ductility of the component action. Although not
directly equivalent, comparison of the system R-factor and component
m-factors, as well as the £ factor and the amplified seismic demands of
ASCE 41-13, can provide context to assist with engineering decisions.

2.3 When Should ASCE 41-13 be Used?

The selection of ASCE 41-13 for the evaluation or retrofit of a building and
the determination of the design criteria are dependent on a number of factors.
Table 2-2 provides a list of common evaluation methods as they relate to
ASCE 41-13. Note that ASCE 41-13 is for use only with undamaged
buildings. The column in Table 2-2 for earthquake-damaged buildings is to
provide comparative context.

ASCE 41-13 is predominantly used for the evaluation and retrofit of existing
buildings. The standard is intended for a range of audiences including
engineers, building officials, building owners, government agencies, and
policy makers. The provisions are applicable to all types of building
structures and enable design professionals to develop a practical and
effective approach to assess the seismic performance of a building. An
assessment or retrofit utilizing ASCE 41-13 provisions may be performed on
a voluntary basis, as the result of a state mandate or local ordinance, or
possibly as a requirement for a financial transaction. One can also arrive at

Useful Tip

Because ASCE 41-13 effectively
uses unreduced demands, the
force levels are significantly
higher than those used in ASCE 7
which has an R-factor. This is
accounted for by applying the
m-actor to capacifies.
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the ASCE 41-13 standard through building code regulations or seismic
triggers for modifications, alterations, or repairs to an existing building.
Lastly, in the context of new buildings, there is very little guidance in current
building codes and standards on the use of nonlinear analysis procedures for
design. As aresult, ASCE 41-13 may be used by practitioners as the basis
for new building designs that employ nonlinear analysis methods, subject to
the approval of the Authority Having Jurisdiction (AHJ). The recently
published ASCE 7-16 standard explicitly references ASCE 41-13 for
deformation-controlled acceptance criteria and, by inference, nonlinear
modeling parameters.

Table 2-2  Comparison of Seismic Evaluation Methods

Evaluation Method Undamaged Buildings Earthquake-Damaged Buildings
Rapid Evaluation FEMA P-154® ATC-20“ Rapid
Quick Evaluation ASCE 41-13 Tier 1 ATC-20 Detailed

. . . FEMA 352®
Intermediate Evaluation ASCE 41-13 Tier 2 ATC-52-46

ASCE 41-13 Tier 3 .
Detailed Evaluation FEMA P-807? F/E\[}Aé;ga
FEMA P-58°)

(6)

FEMA P-154, Rapid Visual Screening of Buildings for Seismic Hazards: A Handbook (FEMA, 2015a)

FEMA P-807, Seismic Evaluation and Retrofit of Multi-Unit Wood-Frame Buildings with Weak First
Stories (FEMA, 2012b)

FEMA P-58, Seismic Performance Assessment of Buildings, Volume 1 — The Methodology (FEMA,
20120)

ATC-20-1, Field Manual: Postearthquake Safety Evaluation of Buildings (ATC, 2005)

FEMA 352, Recommended Postearthquake Evaluation and Repair Criteria for Welded Steel Moment-
Frame Buildings (FEMA, 2000c)

ATC-52-4, Here Today—Here Tomorrow: The Road to Earthquake Resilience in San Francisco: Post-
Earthquake Repair and Retrofit Requirements (ATC, 2011)

FEMA 306, Evaluation of Earthquake Damaged Concrete and Masonry Wall Buildings: Basic
Procedures Manual (FEMA 1998a)

Where evaluations are performed on a voluntary basis, the building owner,
with the engineer’s guidance, is typically permitted to select the Performance
Objective and evaluation procedure (i.e., Tier 1, Tier 2, and/or Tier 3) that
are most suitable for the subject building and circumstances. In most model
building codes, voluntary seismic improvements are permitted, provided an
engineering analysis is performed to demonstrate that the retrofitted structure
(and nonstructural components, where applicable) is no less conforming with
the building code provisions than prior to the retrofit. For scenarios
involving policy mandates or seismic triggers, the required Performance
Objectives are stipulated by the AHJ and pertinent building codes.

ASCE 41-13 accommodates a spectrum of Performance Objectives by
allowing users to select a range of Performance Levels and Seismic Hazard
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Levels. Recommendations for the selection of an appropriate Performance
Objective are beyond the scope of this document and can vary substantially
depending on the circumstances. However, for many seismic evaluations
and retrofits, the Basic Performance Objective (referred to as the Basic
Safety Objective (BSO) in ASCE 41-06) is often used as reference point.
ASCE 41-13 provides both a Basic Performance Objective for Existing
Buildings (BPOE) and a Basic Performance Objective Equivalent to New
Building Standards (BPON). Each of these Performance Objectives consists
of a selected target Structural Performance Level in combination with a
specific Seismic Hazard Level that varies with the designated building Risk
Category, which is determined in accordance with the governing building
code. The Performance Objective is dictated by the Risk Category.

The BPOE accepts a lower level of safety and a higher risk of collapse than
that which would be provided by standards for new buildings. Buildings that
satisfy the BPOE requirements are expected to experience little damage from
relatively frequent, moderate earthquakes, but the potential exists for
significant damage and economic loss from the most severe and infrequent
earthquakes. The following are three overarching, historical reasons for
accepting greater risk in existing buildings:

e Recently constructed buildings are not rendered deficient with
subsequent code changes

e Existing buildings are expected to have a shorter remaining life than the
50-year life often assumed for new buildings

e The cost of achieving a higher level of certainty in performance for
existing buildings is often disproportionate to the additional benefit

This philosophy has been included in previous standards, including ASCE
31-03, as well as the International Existing Building Code (1CC, 2015),
which allow design seismic forces for existing buildings to be 75% of
seismic forces required for new buildings. Reduced seismic forces for
existing buildings are also often permitted by local jurisdictions.

The BPON is meant to provide performance equivalent to that of new
buildings designed to ASCE 7-10 by using the Seismic Hazard Levels
specified therein. Nonetheless, the structural systems of an existing building
are generally not as robust as those of a new building due to the lack of
prescriptive requirements, and there is typically a higher level of uncertainty
in performance when compared to new buildings. The acceptance criteria in
ASCE 41-13 have not been directly calibrated to the performance provided
by new building codes and standards. However, the National Institute of

Key Terms

BPOE: Basic Performance
Objective for Existing Buildings
accepts a lower level of safety
and higher risk of collapse than
would be provided by standards
for new buildings.

BPON: Basic Performance
Objective Equivalent to New
Building Standards is meant to
provide performance equivalent
new building standards.
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Standards and Technology (NIST) has released a series of technical notes
with the results of assessments of code-compliant buildings using the ASCE
41-13 methodology for different building systems (NIST, 2015a; 2015b;
2015c).

The AHJ may have specific requirements for the Performance Objective, so
it is recommended to discuss and confirm the proposed design criteria with
the building official and the owner before proceeding with the retrofit design.
If Performance Objectives and design criteria are not stipulated by the
building official or owner, the Basic Performance Objective for Existing
Buildings may be adopted, and enhanced or lowered at the discretion of the
owner.

Key questions to consider when determining the applicability and
implementation of the ASCE 41-13 standard are shown in Figure 2-3.

2.4 What is New in ASCE 41-17?

Following the completion of ASCE 41-13, the ASCE 41 Standards
Committee on Seismic Rehabilitation initiated the development of ASCE
41-17 including proposed changes to ASCE 41-13. Subsequently, ASCE
41-17 was published in December 2017. This section highlights significant
technical changes made in ASCE 41-17. For a more detailed discussion of
changes, see Pekelnicky et al. (2017). As noted in Chapter 1 of this Guide,
margin boxes in the Guide highlight provisions with noteworthy changes in
ASCE 41-17

2.4.1 Chapter 1 General Requirements

No significant changes were made to ASCE 41-17 Chapter 1. This chapter
serves as an introduction to the standard, including discussion of the typical
seismic evaluation and retrofit processes, as well as key definitions and
notations used throughout the standard.

2.4.2 Chapter 2 Performance Objectives and Seismic Hazards

The scope of this chapter consists of defining the various Performance
Objectives in the standard and the associated Seismic Hazard Levels and
target Building Performance Levels. Significant changes in ASCE 41-17
Chapter 2 include requirements related to the Basic Performance Objective
for Existing Buildings (BPOE) and the Hazards Reduced Nonstructural
Performance Level. Other modifications include direct references to the
ASCE 7-16 standard for development of seismic hazard design parameters
and ground motion selection and scaling.
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Existing
Building

Determine the motivation for the
retrofit:

= voluntary

= change of use
______ > = alteration
= addition
= regulatory requirement
= other

Is a mandatory seismic
upgrade required?

v

Voluntary
Retrofit

Confirm design criteria aligns with motivation

—— What are the owner’s retrofit goals?
Preserve life (safety)?
Minimize damage and cost of repair?
Minimize downtime?
Protect building contents?
— What is the desired engineering cost?
— What is the desired construction cost?
—— What is the building type?
—Is the building historic?

Based on the above considerations,

y

Mandatory
Retrofit

I Is the building public or private?

— What is the governing jurisdiction (federal,
state, school, hospital, local, etc.)?

—— What is the Risk Category?
—— What is the building type?
—— Is the building historic?

— What is the cost to retrofit and repurpose the
existing building versus demolish and
construct a new building?

develop a design basis.

DESIGN BASIS
= Performance Objective (s)
= Seismic Hazard Level
= Structural/Nonstructural Performance Level
= Building type
= Tier 2 or 3 Procedure

———————— = Original building code

Figure 2-3

= Geologic hazards (if applicable)

= Geotechnical requirements

= Design methodology (LSP, LDP, NSP, NDP)
= Data collection and material testing scope

= Peer review requirements

= Proposed alternate means of compliance (if applicable)

Retrofit design flowchart.
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2.4.2.1 Basic Performance Objective for Existing Buildings

Concerns were raised that meeting Life Safety in the 225-year hazard in
ASCE 41-13 might not provide Collapse Prevention performance in the
975-year hazard, especially in regions where there is a significant difference
in intensity between the two hazards. ASCE 41-17 changes the BPOE for
Tier 1 and 2 evaluations to require consideration of the Collapse Prevention
Performance Level at the BSE-2E Seismic Hazard Level, rather than the Life
Safety Performance Level at the BSE-1E Seismic Hazard Level, for Risk
Category I, 11, and III buildings. For Risk Category IV buildings,
performance must be evaluated in Tier 1 and Tier 2 evaluations at both the
BSE-1E and BSE-2E Seismic Hazard Levels.

2.4.2.2 Hazards Reduced Nonstructural Performance Level

A small subset on nonstructural components was identified to represent as
much a risk to the building occupants as a partial or total collapse of a
building. The ASCE 41 committee decided that such hazards should have a
significant margin of safety beyond the BSE-1E hazard and introduced a new
Hazards Reduced Nonstructural Performance Level (N-D) to encompass
mitigating only the most significant nonstructural hazards. ASCE 41-06 and
its predecessor FEMA documents had a Hazards Reduced Nonstructural
Performance Level that attempted to accomplish a similar objective. The
following items were incorporated into the Hazards Reduced Nonstructural
Performance Level:

e Release of hazardous materials

e Failure of heavy cladding over sidewalks where many people congregate
e Failure of heavy ceilings in assembly spaces

o Failure of large architectural appendages and marquees

e Failure of heavy interior partitions and veneers

ASCE 41-17 includes a note that permits components identified above to be
excluded from the Hazards Reduced Nonstructural Performance Level if it
can be demonstrated that the component does not pose a threat of serious
injury to many people due to falling or failing under the Seismic Hazard
Level being considered.

2.4.3 Chapter 3 Evaluation and Retrofit Requirements

Chapter 3 of ASCE 41-13 provides general evaluation and retrofit
requirements, detailed descriptions of model or Common Building Types,
requirements for investigation of existing conditions, and limitations on use
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of Tier 1 and Tier 2 provisions. Revisions to ASCE 41-17 Chapter 3 were
fairly minimal. Provisions for Benchmark Buildings from ASCE 41-13
Chapter 4 were relocated to this chapter to emphasize applicability to all
buildings, and not just those eligible for Tier 1 procedures. Cold-formed
steel systems were added the Common Building Type descriptions and the
list of Benchmark Buildings.

2.4.4 Chapter 4 Tier 1 Screening

Chapter 4 of ASCE 41-13 covers Tier 1 screening. The most significant
changes to the Tier 1 Screening provisions (and Tier 2 Evaluation provisions
in Chapter 5) were made in response to the change in the BPOE, requiring
evaluation at the BSE-2E Seismic Hazard Level. In order to evaluate
structural performance at the BSE-2E, the checklists and Quick Check
procedures had to be revised to accommodate screening for the Collapse
Prevention and Limited Safety structural performance levels, in addition to
Life Safety. In researching the checklist development, the committee found
that all the items identified in the Life Safety structural checklists affect the
collapse probability of the building. Therefore, the structural checklists
could be retitled as Collapse Prevention with little change.

Other changes to Chapter 4 include minor revisions to the system
modification factors, Ms, for the Quick Checks and miscellaneous updates to
the default yield strengths provided for steel, which are commonly used for
Tier 1 screenings.

2.4.5 Chapter 5 Tier 2 Deficiency-Based Evaluation and Retrofit

Chapter 5 of ASCE 41-13 outlines the requirements for a Tier 2 analysis that
focuses on the deficient components identified using the Tier 1 procedures.
The majority of the changes to the Tier 2 procedure were in clarifying the
appropriate level of analysis required and what needs to be evaluated based
on the checklist statement that is found noncompliant. The bigger change to
the Tier 2 procedure comes from the BPOE change, which in ASCE 41-17
requires explicit consideration of the BSE-2E Seismic Hazard Level.

2.4.6 Chapter 6 Tier 3 Systematic Evaluation and Retrofit

The provisions in Chapter 6 of ASCE 41-13 are fairly short and define the
basic requirements for seismic evaluations and retrofits using the Tier 3
systematic approach. One key component of this chapter is the various
descriptions and conditions for data collection and the associated material
knowledge factor, «, used in the analysis calculations. Revisions in ASCE
41-17 are fairly minor; they aim to clarify the data collection requirements in
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Table 6-1 and the intended applications for the minimum, usual, and
comprehensive levels of knowledge. In addition, sources and requirements
for as-built information and the content of the existing design drawings used
are now more explicitly described in the provisions and commentary.

2.4.7 Chapter 7 Analysis Procedures and Acceptance Criteria

Chapter 7 of ASCE 41-13 covers an array of topics regarding analysis
procedures, including selection of the appropriate analysis method,
mathematical modeling, soil-structure interaction, and acceptance criteria for
deformation-controlled and force-controlled actions. Provisions for soil-
structure interaction and incorporation of foundation flexibility were revised
for clarification purposes and to limit the total amount of force reduction that
can be accounted for due to this behavior. The most noteworthy changes to
Chapter 7 affect force-controlled actions in linear analysis and nonlinear
analysis.

2.4.7.1 Force-Conirolled Action in Linear Analysis

The only significant change to the linear analysis procedure is related to the
treatment of force-controlled actions. Not adjusting the force-controlled
evaluation for Performance Levels creates a situation that is in conflict with
the definition of the Life Safety Performance Level providing a margin
against collapse and being distinct from the Collapse Prevention Performance
Level.

The ASCE 41 committee decided that in order to provide a margin of safety
against collapse that is called for in the definition of Life Safety, there should
be some margin against failure of a force-controlled action built in to the
provisions. To accomplish this, the equation to evaluate force-controlled
actions was changed as follows:

O X

=Q, +—=EL
QUF Q(z CICZJ

The y factor is 1.3 for Life Safety and Immediate Occupancy Performance
Levels and 1.0 for the Collapse Prevention Performance Level. The y factor
only applies when the demand is calculated using the pseudo-lateral force,
Ok, and not when the demand is calculated based on a capacity-based design.
If the shear demand in a concrete column is based on the formation of a
plastic moment at each end, then no y factor amplification is required.
However, if the demand is calculated based on the force reported from the
analysis model divided by C1C> and a J-factor equal to the lesser DCR of the
column bending moments or 2, then the y factor would apply.
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2.4.7.2 Nonlinear Analysis

The 2015 NEHRP Provisions update included a complete re-write of the
nonlinear response history analysis provisions found in ASCE 7. Those
updates were then passed on to the ASCE 7 committee, which further refined
them for incorporation into ASCE 7-16. Haselton et al. (2017a and b), Jarret
et al. (2017), and Zimmerman et al. (2017) provide detailed discussion of the
updates. Many of those changes were applied to the nonlinear analysis
procedures in ASCE 41-17.

2.4.8 Chapter 8 Foundations and Geologic Site Hazards

Chapter 8 in ASCE 41-13 covers foundation and geologic site hazard
requirements. The ASCE 41-13 edition included significant updates to the
shallow foundation provisions in Chapter 8, and the ASCE 41-17 edition
builds upon and improves these methodologies based on user feedback and
numerous case studies. Important updates include more relaxed linear
acceptance criteria (m-factors) for analyzing foundation overturning actions
using either a fixed based or flexible base modeling assumption. In addition,
the derivation of the expected vertical load at the soil-footing interface was
revised for a more appropriate method of determining the moment capacity
of a rigid shallow foundation, consistent with the new procedures.

The damping and kinematic soil-structure interaction procedures in ASCE
41-17 Sections 8.5.1 and 8.5.2 were updated based on information in NIST
GCR 12-917-21 (NIST, 2012). The changes consist of updated equations
and definitions of variables, as well as prohibiting the use of these provisions
for deep foundations since that was not the original intent or basis of the
provided equations.

2.4.9 Chapter 9 Steel and Iron

Significant updates were made to the steel provisions regarding the modeling
and acceptance criteria for steel columns. The column provisions in ASCE
41-13 and previous editions require the ductility of a column be reduced
from that of a beam once the axial force including both gravity loads and
seismic forces exceeds 20% of the expected axial buckling capacity in the
direction of bending (Pys/Pcrx > 0.2). The columns then become force-
controlled when the axial force ratio increases to more than 50% of the
expected axial buckling capacity in the direction of bending (Pyr/Pcrx > 0.5).
A subcommittee reviewed a number of different research reports on the
performance of steel columns under combined axial load and bending. That
led to the change of the column axial load ratio from the maximum axial load
divided by the expected capacity to the gravity load divided by the yield
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capacity. Additional research indicated that the axial buckling capacity could
be replaced by the yield capacity in the denominator. A regression analysis
of the data from the papers showed that the ductility of the column could be
expressed as a function of the gravity axial load ratio, the web and flange
compactness ratios (/4/t,, and b/2t), and the length divided by the weak-axis
radius of gyration (L/r,). Both the m-factors and the nonlinear modeling and
acceptance parameters were updated based on this research and will yield
less conservative assessments of columns in steel buildings.

A few other more minor revisions were made to Chapter 9 in ASCE 41-17.
The governing equations and acceptance criteria for link beams in
eccentrically braced frames were updated for better alignment with AISC
341. Several updates regarding material strengths were incorporated into
Chapter 9, including the addition of HSS and pipe sections to Table 9-1 and
Table 9-3, and different properties specified for cast and wrought iron
components in Section 9.10.

Along with revisions to the acceptance criteria for steel frame members,
provisions for cold-formed steel systems were relocated from Chapter 12 to
Chapter 9 and further developed to include detailed procedures for shear wall
systems, special moment frames, and strap braced systems. New modeling
parameters and acceptance criteria were provided for these systems, and new
checklists and procedures were included for Tier 1 and Tier 2 analyses.

2.4.10 Chapter 10 Concrete

The primary changes to the concrete provisions in ASCE 41-17 involve
testing of existing anchors, updates to modeling parameters and acceptance
criteria for concrete columns, updates to wall stiffness provisions, and
clarifications regarding the evaluation of concrete elements with net tension.

The addition of testing requirements for existing concrete anchors was one of
the most critical changes for the concrete chapter. In many existing concrete
buildings, there are existing cast-in-place and post-installed connections of
structural and nonstructural components necessary for transferring seismic
forces or anchoring falling hazards (e.g., out-of-plane wall anchorage and
anchorage of heavy equipment in an evacuation route). Until more recent
building codes, these anchors were not designed and installed per well-
defined design procedures and quality control requirements, and there were
typically no testing requirements, especially for post-installed mechanical
and adhesive anchors. The committee decided to add minimum testing
requirements for usual and comprehensive data collections for existing cast-
in-place and post-installed anchors.
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Another major revision in the concrete provisions involved concrete
columns. Ghannoum and Matamoros (2014) summarize much of the work
that led to column modeling changes, resulting in column parameters in the
form of equations rather than the past table form. The new equation format
makes it easier to calculate modeling parameters for different conditions and
removes the need for triple interpolation required in previous editions of
ASCE 41.

In addition to the anchor testing and column provisions, other technical
changes to concrete provisions improved the evaluation of structural walls
and elements with net axial tension, which also lead to more consistency
between linear and nonlinear procedures. The change for elements in net
tension was another change with notable consequences for linear procedures.
Axial demands in tension were thus clarified to be analyzed as deformation-
controlled actions. This change, along with the changes for wall stiffness,
are expected to provide more consistency between ASCE 41-13 linear and
nonlinear procedures.

2.4.11 Chapter 11 Masonry

The masonry provisions underwent a number of significant updates. There
were updates to the assessment of out-of-plane actions in unreinforced
masonry walls based on research. The Collapse Prevention Level evaluation
can still be carried out using the table that provides maximum 4/t ratios. For
the Life Safety Performance Level, an assessment of the wall for dynamic
stability based on Penner and Elwood (2016) has been added. The
assessment is for walls with //¢ > 8 and compares the 1.0-second acceleration
parameter against a series of coefficients multiplied together. The
coefficients account for the wall aspect ratio, the diaphragm flexibility, the
height of the walls in the building, and the axial force on the walls. For the
Immediate Occupancy Performance Level, the walls must not experience any
overstress in the flexural tension strength of the mortar under out-of-plane
loading. Provisions for unreinforced masonry spandrel beams have been
added. Equations are provided to determine the shear and flexural capacity
of a spandrel beam, which are based whether there is a lintel or a masonry
arch supporting the spandrel beam. Shear and flexure can be considered
deformation-controlled actions.

Revisions were also made to bed-joint sliding equation requirements for
unreinforced masonry shear strength and refined commentary was provided
regarding pier height assumptions when there are openings of different
height on each side of the pier.

FEMA P-2006 2: Guidance on Use of ASCE 41-13

2-21



The provisions for steel and concrete frames with masonry infill were
completely rewritten and provide an easier method to model masonry as a
compression strut within the frame. The panels are classified as strong or
weak and flexible or stiff with respect to the frame. There are different
modeling parameters and capacities if the frame is nonductile concrete or
either ductile concrete or steel framing encased in concrete. The acceptance
criteria for the infill panels is based on the ratio of the strength of the frame
without the panels to the strength of the infill panels and the aspect ratio of
the panels. The criteria for out-of-plane actions when considering arching
action have also been updated.

2.4.12 Chapter 12 Wood Light Frame

As noted above, cold-formed steel light frame provisions were moved in
ASCE 41-17 from Chapter 12 to the Chapter 9 covering steel. Chapter 12
updates for wood members were relatively minimal with some clarifications
provided for reducing diaphragm and shear wall strengths of older, non-
conforming systems. Where nominal 2-inch framing is present at panel
edges in lieu of 3-inch framing, expected strengths for diaphragms and shear
walls should be reduced by 10%-20%.

2.4.13 Chapter 13 Architectural, Mechanical, and Electrical
Components

Chapter 13 of ASCE 41-13 covers anchor and bracing of nonstructural
components. Revisions in ASCE 41-17 include the Hazards Reduced
Nonstructural Performance Level requirements, the addition of testing
requirements for existing anchors, and the addition of requirements for
rooftop solar photovoltaic arrays.

2.4.14 Chapter 14 Seismic Isolation and Chapter 15 Design
Requirements for Structures with Supplemental Energy
Dissipation

The evaluation and retrofit procedures for buildings using seismic isolation
and energy dissipation devices are contained in Chapter 14 of ASCE 41-13.
For the ASCE 41-17 standard, these provisions were split into two separate
chapters: Chapter 14 for seismic isolation systems and Chapter 15 for energy
dissipation devices (with all subsequent chapters renumbered accordingly).
Both chapters included updates that are intended to better align the ASCE
41-13 standard with all the recent efforts and updates for the ASCE 7
standard.
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2.4.15 Chapter 16 System-Specific Performance Procedures

The only system-specific performance procedure is the Special Procedure for
Unreinforced Masonry, which is used for qualifying unreinforced masonry

bearing wall buildings with flexible diaphragms. A number of detailed
revisions were made in ASCE 41-17 to make the Special Procedure more

compatible with the 2015 International Existing Building Code (ICC, 2015).

2.5 Tips for Using ASCE 41-13

Based on experience with using ASCE 41-06 and ASCE 41-13, the following

general advice, tips, and guidance are offered.

e  When utilizing ASCE 41-13 for an evaluation or retrofit, it is important
to understand the requirements of the Authority Having Jurisdiction, and

any special review requirements.

e ASCE 41-13 is not always organized in a sequential way, nor were the

provisions holistically developed (with the exception of the Special

procedure for Unreinforced Masonry). An evaluation is performed on a
component-by-component basis, which often requires jumping between

chapters for analysis provisions, component strengths, and acceptance

criteria. In the examples of this Guide, the starting point in ASCE 41-13

and reference sections related to the next steps are indicated.

o Before following the procedures in the standard, ASCE 41-13 Chapter 1

through Chapter 3 including commentaries should be reviewed.

e [tis important to read all associated text and table footnotes in the
associated chapter in ASCE 41-13 rather than simply applying the
equations. For example, there are many instances where the text and

footnotes significantly alter m-factors or when certain equations are not

applicable.
o ASCE 41-13 uses displacement-based design. Thus, the inelastic

response of a building is primarily about deformation compatibility and
ductility on a component level. Section 2.2 of this Guide discusses this

in more detail.

e Understanding component behavior and whether an element is classified

as force-controlled or deformation-controlled are essential.

e Obtaining demand-capacity ratios (DCRs) provides an indication of the

magnitude and distribution of inelastic demands and is necessary in

understanding governing behavior modes for components and systems.

e For nonlinear procedures, reclassification of certain force-controlled
actions to deformation-controlled actions is permitted in some cases.
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Boundary conditions in models can make a significant difference in
resulting behavior mechanisms and analysis results. Consideration
should be given to foundation connections and conditions, as well as
soil-structure interaction, when developing models.

In a two-level evaluation or design, it may be helpful to check
component acceptance criteria for one Structural Performance Level and
Seismic Hazard Level and then spot compare with the other Structural
Performance Levels and Seismic Hazard Levels under consideration to
determine if any can be ruled out by inspection using relative
mathematical ratios.

Even though they may appear straightforward, some equations actually
require detailed iteration and parallel calculations to complete. The
determination of the target displacement is an example. It requires
determination of element DCRs.

When using the nonlinear analysis procedures, it is not necessary to
model everything as a nonlinear element—it is time consuming and
misleading. It is worthwhile to develop an initial understanding of the
likely elements that will experience nonlinear behavior based on
comparative strength and only model them as nonlinear elements. Other
elements can be modeled as linear elements. The assumptions or
calculations can be revised after review of initial results.

One gravity column-beam bay (with the entire gravity load assigned to
it) should be modeled for investigating deflection compatibility checks.

The application of ASCE 41-13 to light-frame wood construction can be
challenging as the methodology requires the determination of the various
failure limit states of connections, connection hardware, and the multiple
mechanisms in the load path, which are not typically required when
designing a new wood structure. Furthermore, ASCE 41-13 requires
metal straps and hold-downs to be evaluated as force-controlled actions
which require them to remain essentially elastic, whereas for new
structures, these components are typically not designed with the
overstrength factor, £y, and are permitted to yield and deform. As a
result, these components may not satisfy the ASCE 41-13 requirements
without significant investigation into other failure mechanisms in the
load path that may further reduce the demand to these components.

ASCE 41-13 has limitations on the use of linear procedures and the
Nonlinear Static Procedure that depend on the extent of nonlinearity,
building irregularities, and higher mode effects. However, typically, it is
not possible to determine in advance if the limitation applies, and
significant analysis is needed to evaluate the limitation requirements.

2-24

2: Guidance on Use of ASCE 41-13 FEMA P-2006



Chapter 3

Performance Objectives and
Seismic Hazards

3.1 Overview

This chapter provides discussion and example applications for a set of
specific topics that affect a number of different building types. Topics are
taken from ASCE 41-13 Chapters 2, 3, and 6 (ASCE, 2014). These include
selecting Performance Objectives and Target Building Performance Levels,
developing appropriate seismic demands and Levels of Seismicity, and
addressing data collection requirements and the associated knowledge factor.

3.2 Performance Objectives and Target Building
Performance Levels (ASCE 41-13 § 2.2 and § 2.3)

3.2.1 Introduction

The criteria of the building evaluation or retrofit are defined by the owner,
engineer, and/or regulator in terms of Performance Objectives. A
Performance Objective is defined by an expected damage state (Building
Performance Level) for a given shaking intensity (Seismic Hazard Level). In
essence, by choosing a Performance Objective, one defines how much
damage is acceptable at a given intensity of ground shaking. A building
retrofit can target more than one Performance Objective. For instance, one
might design a retrofit such that only minor damage would be expected in
moderate ground shaking, but collapse would be prevented in a rare event.
This section provides a brief discussion on the most commonly used
Performance Objectives; subsequent sections provide guidance on defining
the Seismic Hazard Level and associated Building Performance Levels.

ASCE 41-13 is written for very broad application so that the user has many
options for choosing a Seismic Hazard Level and target Building
Performance Level to define a Performance Objective. However, ASCE
41-13 evaluations and retrofits are typically based on predefined hazard
levels. For most buildings and sites, these hazard levels are defined using the
General Procedure as described in ASCE 41-13 § 2.4.1 as follows:

o BSE-1E: 20%/50 year hazard (capped at BSE-1N)
e BSE-2E: 5%/50 year hazard (capped at BSE-2N)
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e BSE-1N: matches ASCE 7-10 Design Earthquake

e BSE-2N: matches ASCE 7-10 Risk Targeted Maximum Considered
Earthquake (MCEg)

In a manner very similar to ASCE 7, the General Procedure in ASCE 41-13
provides a method for determining the short period (0.2-second) and
1-second spectral accelerations, and prescribes formulae to define the full
design spectrum based on those two values and site soil conditions. Online
seismic hazard maps and other tools make it feasible for the structural
engineer to readily define the design spectra associated with these predefined
hazards. In unusual circumstances, one might choose a Seismic Hazard
Level other than those predefined (BSE-1E, BSE-2E, BSE-1N, and BSE-2N)
to define a Performance Objective. This will require some knowledge of
seismic hazard functions and their various adjustments, and the requirements
for the Site-Specific Procedure of ASCE 41-13 § 2.4.2 might prove helpful.

The ASCE 41-13 commentary has explicitly defined 16 discrete Performance
Objectives (“a” through “p” in ASCE 41-13 Table C2-2). Four primary
building Performance Objectives are defined as combinations of these
discrete objectives, and include the Basic Performance Objective for Existing
Buildings (BPOE, ASCE 41-13 § 2.2.1), Enhanced Performance Objective
(ASCE 41-13 §2.2.2), Basic Performance Objective Equivalent to New
Building Standards (BPON, ASCE 41-13 § 2.2.4), and Limited Performance
Objectives (ASCE 41-13 § 2.2.3). These Performance Objectives apply to
structural as well as nonstructural elements.

3.2.2 Basic Performance Objective for Existing Buildings (BPOE)
(ASCE 41-13 § 2.2.1)

Traditionally, existing buildings have been evaluated or retrofit to lower
seismic demands than those used for the design of new buildings. One
approach has been to require retrofits to be designed to 75% of the base shear
for new buildings. Higher risks are accepted to avoid immediately rendering
buildings deficient with code changes, to address the shorter remaining
design life associated with existing buildings, and to recognize that the cost
to retrofit can be much higher than the associated cost to improve
performance at the time of new design. The BPOE for Risk Category I and
II structures is defined in ASCE 41-13 as the combination of two discrete
Performance Objectives: (1) Life Safety Performance Level at a Seismic
Hazard Level defined by 20% probability of exceedance in 50 years; and

(2) Collapse Prevention Performance Level at a Seismic Hazard Level
defined by 5% probability of exceedance in 50 years. The BPOE is intended
to replicate the reduced performance criteria traditionally allowed for
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existing buildings compared to new construction. Tier 1 and Tier 2
evaluations are based on the BPOE and cannot be done using the BPON,
while the BPOE can also be used for Tier 3.

The BPOE is the most commonly used Performance Objective, and is
applicable to all building types. Alternate Performance Objectives might be
chosen in those instances where higher performance is desired, or where a
lower performance is tolerable based on available retrofit resources.

3.2.3 Enhanced Performance Objective (ASCE 41-13 § 2.2.2)

Enhanced Performance Objectives are those that exceed the performance
associated with the BPOE. This can be achieved by:

o Using higher target Structural and/or Nonstructural Performance Levels
than specified for the BPOE Seismic Hazard Level given the building’s
Risk Category

e Using a higher Seismic Hazard Level than the BSE-1E and/or the
BSE-2E Seismic Hazard Levels, given the building’s Risk Category

e Using a higher Risk Category than the building would normally be
assigned to, in order to select target Structural and/or Nonstructural
Performance Levels

The use of an Enhanced Performance Objective is not common, but it could
be used for buildings for which better seismic performance is desired, such
as police and fire stations, communication centers, hospitals, schools, or
where the building owner intends to keep the building operational during or
soon after a significant seismic event.

3.2.4 Limited Performance Objective (ASCE 41-13 § 2.2.3)

Limited Performance Objectives are those that fall below the performance
associated with BPOE. Limited Performance Objective might include
voluntary retrofits where resources are limited or mandatory retrofits
intended to correct known deficiencies. There are two types: a Reduced
Performance Objective or a Partial Retrofit Objective.

A building retrofit with a Reduced Performance Objective is comprehensive
and addresses the entire building, but uses a lower Seismic Hazard Level or a
lower target Building Performance Level than required by the BPOE. For
example, the Special Procedure for unreinforced masonry bearing wall
buildings in ASCE 41-13 § 15.2 uses a Limited Performance Objective
because it only has a one-level check that, per the commentary of ASCE 4-13
§ 15.2.1, is assumed to achieve the equivalent of Collapse Prevention
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Key Terms

Structural Performance
Levels:

S-1: Immediate Occupancy
§-2: Damage Control

§-3: Life Safety

S-4: Reduced Safety

S-5: Collapse Prevention

Nonstructural Performance
Levels:

N-A: Operational

N-B: Position Refention
N-C: Life Safety

N-D: Not Considered

Performance Level at the BSE-1E Seismic Hazard Level. Chapter 12 of this
Guide provides an example.

A Partial Retrofit Objective is used when only a subset of the building’s
deficiencies are to be addressed, usually focusing on a key vulnerability (e.g.,
a weak story, tilt-up walls anchored with ledgers loaded in cross grain
bending, or pre-Northridge moment frame connections). The key
vulnerability might come to light following a Tier 1 or Tier 2 evaluation, or
might be identified by a jurisdiction for mandatory retrofit.

3.2.5 Target Building Performance Levels (ASCE 41-13 § 2.3)

Target Building Performance Level refers to a combination of the intended
performance levels of structural and nonstructural components, and is
designated by a number to indicate the structural performance and a letter to
indicate the nonstructural performance. Structural Performance Levels range
from S-1 to S-5, corresponding to Immediate Occupancy, Damage Control,
Life Safety, Reduced Safety, and Collapse Prevention, respectively.
Nonstructural Performance Levels range from N-A to N-C for Operational,
Position Retention, and Life Safety, respectively, or to N-D if nonstructural
performance is not considered. Thus, a target Building Performance Level
for both structural and nonstructural life safety would be designated (3-C),
while a target of Immediate Occupancy and Operational would be designated
(1-A). The focus is on the post-earthquake disposition of the building, the
ability to resume normal functions, and the ability to protect life safety of the
occupants. ASCE 41-13 Tables C2-4 through C2-7 provide illustrative
examples of what the damage (or lack thereof) to structural and nonstructural
components might be at each of the intended Performance Levels. It is
important to appreciate that, as noted in ASCE 41-13, because of inherent
uncertainties in prediction of ground motion and analytical prediction of
building performance, some variation in actual performance should be
expected. Compliance with the ASCE 41-13 standard should not be
considered a guarantee of performance. Information on the reliability of
achieving various performance levels can be found in Chapter 2 of FEMA
274 (FEMA, 1997b).

Some considerations in picking a target Building Performance Level for a
building include life expectancy, criticality of its function to the owner or
community, and the type and/or number of occupants. Anchorage of
cladding and veneer along with partition walls are examples where the target
Nonstructural Performance Level can significantly affect the operation of the
building and life safety of the occupants as they exit the building. Hospitals,
emergency communication centers, fire stations, and police stations would be
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examples where a target Operational Nonstructural Performance Level would
often be considered.

3.3 Seismic Hazard (ASCE 41-13 § 2.4)

In most cases, the Seismic Hazard Level will be determined using the
General Procedure described in ASCE 41-13 § 2.4.1. In this Guide, the
calculation of seismic hazard using the General Procedure will first be
demonstrated via hand calculations, and then verified using available online
tools. Very significant structures, local ground hazards, or the need to do
response history analyses might warrant development of site-specific ground
motion hazards of ASCE 41-13 § 2.4.2. Application of ASCE 41-13 § 2.4.2
is typically done by (sub)consultants with specialized experience and
training, and is outside the scope of this Guide. However, the structural
engineer should carefully review any site-specific hazard study prepared by
an outside consultant, and Section 3.3.4 of this Guide discusses some of the
important aspects of that review.

It is often necessary to determine more than one hazard level for a project.
For instance, for Tier 3, the BPOE requires Life Safety checks at the BSE-1E
Seismic Hazard Level and Collapse Prevention checks at the BSE-2E
Seismic Hazard Level. In addition, if a Tier 1 screening is to be performed,
then selection of the appropriate checklist from ASCE 41-13 Appendix C
requires that the Seismic Hazard Level (Very Low, Low, Moderate, or High)
be defined per ASCE 41-13 § 2.5 based on BSE-1N, and therefore the
spectral accelerations associated with that hazard would also need to be
determined. Also, ASCE 41-13 § 4.1.2 prescribes BSE-1E as the Seismic
Hazard Level for Tier 1 screening and Quick Checks (ASCE 41-13 § 4.5.3),
and therefore the spectral accelerations associated with that hazard would
need to be determined if Tier 1 Quick Checks are part of the evaluation.

3.3.1 Example of the General Procedure for Hazard Caused by
Ground Shaking (ASCE 41-13§ 2.4.1)

This example demonstrates how to calculate the parameters Sxs and Sx; using
the General Procedure described in ASCE 41-13 § 2.4.1. These parameters
will need to be determined for both the BSE-1E and BSE-2E Seismic Hazard
Levels. The USGS-mapped short period and 1-second rock accelerations for
each Seismic Hazard Level are obtained from online sources available at the
time of this writing, such as the ATC Site-Specific Hazard Map website
(available at: https://hazards.atcouncil.org) and the SEAOC Seismic Design

Map website (available at: https://www.seismicmaps.org/). Next, these

values are adjusted for Site Class and checked to verify that they do not
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Commentary

Some online fools provide values
in terms of the gravitational
constant, g, for spectral
acceleration parameters. ASCE
41-13 and ASCE 7-10 do not
apply the term g to speciral
acceleration parameters. The
ASCE 41-13 approach is used in
this document.

exceed the associated BSE-1N and BSE-2N values. All of the spectra of this
example are associated with 5% critical damping.

This example presumes the building is located in San Jose, California
(33.3306°N, 121.87636°W) in an area classified as Site Class D. The values
calculated in this section are utilized in the Chapter 7 example of a wood
tuck-under structure.

BSE-2E: 5%/50-Year Spectral Response Acceleration (ASCE 41 §
2.4.1.3), Capped at BSE-2N

Design short-period spectral response acceleration parameter, Sxs zse-2E, 1S
determined as F, 550 X Sss/50, but need not be greater than Sxs gsg-2w .

The short-period spectral response acceleration, Ss, is determined through an
online tool as:

SS,5/50 = 1588
Sspseav =1.50

Note that Sss5/50 exceeds Ssse-on, which is nominally based on a more rare
(2%/50) hazard. This is because Ss zsz-2v is the ASCE 7-10 risk-adjusted
MCE value, which in some areas is limited by a deterministic value, while
Sss/50 is from an unadjusted uniform hazard spectrum. ASCE 41-13
eliminates the possibility of the BSE-2E Seismic Hazard Level exceeding the
corresponding BSE-2N Seismic Hazard Level by capping the BSE-2E
Seismic Hazard Level.

The factor to adjust the short-period spectral response acceleration for site
class, Fy, is determined per ASCE 41-13 § 2.4.1.6:

Fu.s50 = 1.0 for Sy >1.25, Site Class D (ASCE 41-13 Table 2-3)
Fopseaoy =1.0 (ASCE 41-13 Table 2-3)

Sxs pseon = Fapsean X Sspseav=1.0 x 1.50=1.50

Sxs,se2E =Fas550% Sss550 = 1.0 x 1.588 = 1.588

Since Sxs pse2r > Sxsasean , the BSE-2E Seismic Hazard Level at this site is
capped by the BSE-2N Seismic Hazard Level.

Therefore, Sxs gsgoe = 1.50

Sxi,8sE28 = F\ 550 S1.5/50, but need not be greater than Sx1 gseon

The mapped 1-second period spectral response acceleration, Si, is determined
as:

S1,5/50 = 0555
S1,se2v = 0.60
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The factor to adjust the 1-second period spectral response acceleration for
site class, F), is determined per ASCE 41 § 2.4.1.6:

Fisis0 = 1.5 for §; > 0.5, Site Class D (ASCE 41-13 Table 2-4)
Fypsgaov =1.5 (ASCE 41-13 Table 2-4)
Sxi,seov = Fysean X S1aseav=1.50 x 0.60 = 0.90

Sx1,8sE28 = F550 X S1550 = 1.50 X .555 =0.832

Since Sx1se2r < Sx1.8s52n, the BSE-2E Seismic Hazard Level at this site is
not capped by the BSE-2N Seismic Hazard Level.

Therefore, SX])BSE_ZE =(.832

BSE-1E: 20%/50-Year Speciral Response Acceleration (ASCE 41
§ 2.4.1.4), Capped at BSE-IN

Sxs,pse-12 = Fa % Ssp050 , but need not be greater than Sxs zse-1v

The mapped short-period spectral response acceleration, Ss, is determined as:

Ss2050=0.978

The factor to adjust the short-period spectral response acceleration for site
class, F,, is determined per ASCE 41-13 § 2.4.1.6 for Site Class D. Since the
mapped Sy is between the Ss values in the columns in Table 2-3 of ASCE
41-13, linear interpolation is necessary.

Fa2o50 =1.1+0.1 x((1.0-0.978) /(1.0 - 0.75)) = 1.109

The BSE-1N short-period spectral response acceleration is calculated per
ASCE 41 §2.4.1.2.

Sxspse-iv = 2/3 Sxspseav = (2/3)(1.5) = 1.0
Sxssse-1E = Fa2050 % Ss20i50 = 1.109 x 0.987 = 1.084

Since Sxs se-1£ > Sxs sse-1n, the BSE-1E Seismic Hazard Level at this site is
capped by the BSE-1N Seismic Hazard Level.

Therefore, Sxsgse.12= 1.0

Sx1,8se-1E = Fy X S12050 , but need not be greater than Sy gse-1v

The mapped 1-second period spectral response acceleration, Sy, is determined
as:

S12050= 0.327

The factor to adjust the 1-second period spectral response acceleration for
site class, F,, is determined per ASCE 41-13 § 2.4.1.6 for Site Class D.
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Since the mapped S is between the S; values in the columns in ASCE 41-13
Table 2-4, linear interpolation is necessary.

Fiaos0 =1.6+0.2 % ((0.4-0.327)/(0.4—-0.3)) = 1.746

The BSE-IN 1-second period spectral response acceleration is calculated per
ASCE 41-13 § 2.4.1.2.

Sx1,8s618 = 2/3 Sx1,pse2v = (2/3)(0.90) = 0.60
Sx1,8sE-1E = Fyp050 X S12050 = 1.746 % 0.237 = 0.571

Since Sxi1.ss£.1 < Sx1.8s6-1v, the BSE-1E Seismic Hazard Level at this site is not
capped by the BSE-1N Seismic Hazard Level.

Therefore, SXl,BSE—lE =0.571

A summary of the spectral response acceleration parameters for this site is
provided in Table 3-1. The values for Ts are from ASCE 41-13 Equation 2-9,
which is calculated as 7s = Ss1/Sxs. The values for 7j are from ASCE 41-13
Equation 2-10, which is 75 = 0.275.

Table 3-1 Spectral Accelerations for Site in San Jose, CA, Site Class D
ASCE 41-13 Section 2.4.1 Spectral Ordinates Uncapped BSE-2E & 1E
BSE-2N BSE-1N BSE-2E BSE-1E 5% in 50yr 20% in 50yr
Sxs (8) 1.50 1.00 1.50 1.00 1.59 1.08
Sxi (8) 0.90 0.60 0.83 0.57 0.83 0.57
To (sec) 0.12 0.12 0.1 0.11 0.10 0.1
T(sec) 0.60 0.60 0.56 0.57 0.52 0.53

Design spectra are constructed using the Sxs and Sy values as described in
ASCE 41-13 § 2.4.1.7. It is often informative to show all ASCE 41-13
design spectra on a single plot. As further discussed in the following section,
the differences between design base shears corresponding to each of the
ASCE 41-13 Seismic Hazard Levels could be a factor in selecting the most
appropriate Performance Objective. In addition, more than one spectrum
might be required for a full investigation. The BSE-1E spectra would be
used, for instance, to calculate the Tier 1 pseudo seismic forces in ASCE
41-13 § 4.5.2.1. If using the Tier 1 checklists, one would also query the
BSE-1N spectral accelerations and determine the Level of Seismicity per
ASCE 41-13 § 2.5.

The response spectra associated with the various Seismic Hazard Levels
considered in ASCE 41-13 are shown for the San Jose example site in Figure
3-1. The thin black solid line is the BSE-2N spectrum, and the thin dash-dot
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line is the 5% in 50-year spectrum. By definition, the BSE-2E spectrum
follows the 5%/50 spectrum as seen in the longer periods. However, since
the 5%/50 spectrum exceeds the BSE-2N spectrum in the short period range,
the BSE-2E spectrum is capped at the BSE-2N Seismic Hazard Level, as
called-out in the figure with a red circle. A similar capping of the BSE-1E
spectrum is seen in the lower set of curves.

1.80 ‘ | F
1.60 Note that BSE-2E curve follows the
5% in 50-year hazard, but is capped
1.40 at the BSE-2N left of this point
(similar for BSE-1E curve).
2]
= 120
]
-t
c
5 1.00
®
S
< o080
g
©
2 060
(%]
0.40
s . :"‘:::-::—
0.20 SRy s o
0.00
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Period (sec)
—BSE-2N ----BSE-1IN —--5%in 50 years —--—20% in 50 years ss=»BSE-2E ——BSE-1E
Figure 3-1 Input horizontal spectra for a San Jose, California site.

3.3.2 Seismic Design Spectra Web Tools

Online tools available from ATC (https://hazards.atcouncil.org) and SEAOC
(https://www.seismicmaps.org/) eliminate much of the effort (and potential

for error) associated with defining seismic hazards for the conterminous
United States, Alaska, Hawaii, Puerto Rico and the U.S. Virgin Islands.

This section demonstrates how to use these tools to find the BSE-2E spectral
acceleration values for the same San Jose, California location shown in the
previous section.

The following information must be provided by the user using the screen
input options:
e Design Standard or Reference: ASCE 41-13

e Seismic Hazard Level: Select from BSE-1E, BSE-2E, BSE-1N, and
BSE-2N. Some tools allow for selection of a “custom” hazard level

FEMA P-2006 3: Performance Objectives and Seismic Hazards
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e Soil Site Classification: Select from A, B, C, D or E per ASCE 41-13
§2.4.1.6.1

e Latitude and longitude or site address (entered in the search box on the
map)

With these values defined, the tool “looks up” the spectral accelerations
based on the USGS mapping for rock sites, and makes the necessary
adjustments for deterministic caps, site soils, and design scale factors.
However, at the time of writing, the ATC and SEAOC tools do not cap the
BSE-1E and BSE-2E values at BSE-1N and BSE-2N values, respectively,
and this needs to be done manually after comparing the values returned by
the online tools. Both tools perform the calculations specified in ASCE
41-13 § 2.4.1 required to completely define the design input spectra for use
in ASCE 41-13 evaluation or retrofit. If the tool presents the capability to
generate a detailed report documenting each step described in ASCE 41-13
§ 2.4.1, this is the recommended version for inclusion in the project file.

Figure 3-2 and Figure 3-3 present summary reports and BSE-2E acceleration
spectra generated by the ATC and SEAOC tools, respectively, for the Site
Class D example in San Jose, California.

3.3.3 Comparison of BSE-1E, BSE-2E, and ASCE 7-10 Design
Levels

Traditionally, design loads for seismic retrofit have been prescribed as some
portion (i.e., 75%) of the design loading for a new structure of similar type
and occupancy. In an effort to provide a probabilistic basis for the design
loading, ASCE 41-13 has incorporated risk-targeted hazard mapping of
ASCE 7-10 for the BSE-2N/IN hazards, and uniform seismic hazard
mapping for the BSE-2E/1E hazards. As a result, the ratio of new
construction to retrofit loading can vary significantly with seismic region.

Figures 3-4 and Figure 3-5 compare the spectral accelerations associated
with BPOE and BPON Performance Objectives in several cities throughout
the United States. In Central and Eastern United States, where earthquakes
are less frequent, the retrofit design spectral accelerations for ASCE 41-13
BSE-1E and BSE-2E can be significantly lower than those required for
BSE-2N or BSE-1IN (i.e., by ASCE 7-10). ASCE 41-13 users should be
aware that loads associated with BSE-1E and BSE-2E can be well below
those traditionally associated with evaluation or retrofit of existing buildings.
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C\TC Hazards by Location

Search Information

Coordinates: 37.330637, -121.876309
Timestamp: 2018-05-29T00:18:38.518Z2
Hazard Type: Seismic
Reference Document: ASCE41-13
Site Class: D
Report Title: Not specified
Map Results
T Tuolumne
Yosemnite ra
San Francisco T National Par| L 4 ;.
] Al (20: 15 =% oQakdale o
o @ Magesto et
Palo Alto 9 L MaripasaFish Camp
eﬁjSangse Merced Oakhurst Siur"gutlélst‘\
(o Chowctilla
Los Banos
Gilroy =
! v M:ugcra
HC\P(?T
Google e WATEE Msp data €2018 Google, INEGI
Hazard Level BSE-2E
Name Value Description
S5 1.588 MCER ground motion (period=0.2s)
Fj 1 Site amplification factor at 0.2s
Syg 15 Site modified spectral response (0.2s)
S 0.555 MCER ground motion (period=1.0s)
Fy 15 Site amplification factor at 1.0s
Sxq 0.832 Site modified spectral response (1.0s)
Figure 3-2 Summary report from ATC Hazards by Location website for site in San Jose,

California.
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Please note that you are accessing the BETA Version of SEAOC Seismic Design Map Tool website which is in the process of
being tested before its official release. The sole purpose of this BETA Version is to conduct testing and obtain feedback.

Search for Address or Coordinates (lat,long)

Reference  ASCE 41-13 v Risk Category 1 v Site Class = D - stiff Soil v

Project Title (optional) 37.3306, -121.87636

Latitude, Longitude: 37.3306, -121.87636

Date 3/13/2018, 4:28:20 PM
Design Code Reference Document ASCE41-13

Risk Category

Site Class D - Stiff Soil

Type Description Value
Hazard Level BSE-2E
Sg spectral response (0.2 s) 1.588
S1 spectral response (1.0 s) 0.555
Sys site-modified spectral response (0.2 s) 15

Syt site-modified spectral response (1.0 s) 0832
fa site amplification factor (0.2 s) 1

f, site amplification factor (1.0 s) 15
Figure 3-3 Summary report from SEAOC Seismic Design Maps website for site in San Jose,

California.
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m2E/2N m1E/1IN ASCE 41-17 Revision

Revisions have been made to the

1.0 Tier 1 and Tier 2 procedures in
0.9 ASCE 41-17 to address concerns
0.8 of some professionals that the
8; ratio of the BSE-TE o BSE-1N was
0c so small that evaluations
o4 conducted only using the BSE-1E
03 Seismic Hazard Level would be
0.2 significantly less conservative
0.1 than those done using ASCE
31-03 and not provide the
¥ & RS R

0.0

O <+ S commensurate performance at
R A QQ}\?;’ S \é\b"‘ & & the BSE-2E Seismic Hozard Level
o 30"0 F® & Q\‘@ & as the BPOE indicafes.
¥ K\ For example, in New Madrid,
Figure 3-4 Ratios of BSE-2E to BSE-2N and BSE-TE to BSE-N for Missour, for Site Closs D and

short period spectral acceleration,
where the BSE-1E to BSE-1N ratio
is 0.16, the BSE-2E to BSE-1E
ratio is nearly 8, while the ratio
of Collapse Prevention fo Life
1.0 Safety m-factors is 1.3. This is
addressed in ASCE 41-17 by
requiring the use of the BSE-2E

0.7 Seismic Hazard Level for the
0.6 BPOE in the Tier 1 and Tier 2
0.5 procedures.

0.4

0.3

0.2

0.1

Figure 3-5 Ratios of BSE-2E to BSE-2N and BSE-1E to BSE-1N for
1-second spectral acceleration at various cities
assuming Site Class D.

short period spectral acceleration at various cities
assuming Site Class D.

Em2E/2N m1E/IN

3.3.4 Site-Specific Procedure for Hazards Caused by Ground
Shaking (ASCE 41-13 § 2.4.2)

ASCE 41-13 requires site-specific hazard procedures for Site Class F and
near-fault Site Class E. However, for very significant structures, where there
1s some concern about local hazards, or when acceleration time histories are
needed for nonlinear dynamic analysis, a more comprehensive site-specific
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ASCE 41-17 Revision

The ground motion scaling and
selection requirements have been
extensively modified in ASCE
41-17. The new standard
essentially adopts the
requirements of ASCE 7-16 with
some modifications reflecting
application to existing buildings.

hazard determination of ASCE 41 § 2.4.2 may be appropriate. The Site-
Specific Procedure can be used to either define the design response spectra,
or, if nonlinear dynamic analysis is contemplated, to select and scale
acceleration time histories. Site-specific hazard definition requires
specialized expertise in seismic source characterization, attenuation
relationships, and site soil effects. It is not typically done by the design
structural engineer but by a consultant with the appropriate training and
experience. Because of its potential complexity, site-specific probabilistic
hazard analyses are often subject to formal peer review. This section
provides a discussion of some of the important aspects of a site-specific
hazard assessment of which the structural engineer should be aware when
reviewing reports from specialty consultants.

Detailed information on the selection and scaling of response histories is
contained in NIST GCR 11-917-15 report, Selecting and Scaling Earthquake
Ground Motions for Performing Response-History Analyses (NIST, 2011).
For advice and guidance on performing nonlinear analyses, NIST GCR
10-917-5 report, NEHRP Seismic Design Technical Brief No. 4: Nonlinear
Structural Analysis for Seismic Design: A Guide for Practicing Engineers
(NIST, 2010), is a valuable resource. In addition, NIST 12-917-21,
Soil-Structure Interaction for Building Structures (NIST, 2012), provides
useful checklists for the information that the structural engineer may need to
be provided from the specialty consultant and/or the geotechnical engineer
for various analytical procedures, as well as the information the structural
engineer should provide to the specialty consultant and/or the geotechnical
engineer.

3.3.4.1 Ground Motion Scaling

A seismic response history analysis is performed by subjecting a computer
building model to earthquake shaking, which is represented by ground
motion records consisting of two horizontal components (plus vertical, if it is
being considered). Ground motion acceleration time histories used for the
structural analysis should be selected to have source mechanisms (fault
types), magnitudes, source-to-site distances, and local soil conditions that are
consistent with those that control the seismic hazard at the subject site.
Although the allowable range of magnitudes, distances, and site conditions
can be somewhat relaxed so that a sufficient number of ground motions with
appropriate spectral shapes are available, in order to simulate large
earthquakes that will cause severe damage to buildings, the recorded ground
motions will often need to be scaled up in intensity.
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Simply scaling the motion amplitude to match/exceed design spectral
acceleration may not address other important ground motion characteristics.
For instance, strong motions generated by large magnitude events will create
motions with different spectral shapes and longer durations. Ground motion
scaling must be done with care to generate motions with characteristics
representative of the actual demands. It is typical to select motions such that
the necessary scale factor is limited, and an allowable scale factor range of
approximately 0.25 to 4 is common (ASCE 7-16 Section C16.2); scale
factors outside this range might be appropriate for the specific circumstances,
but should be carefully considered.

3.3.4.2 Maximum Motions from a Single Event

Seismic events produce ground motions with unique signatures, and taking
too many representative ground motions from a single event might bias the
design suite. According to ASCE 41-13 § 2.4.2.2, the minimum number of
events used to sample ground motions is three. If the specialty consultant
has used multiple motions from a single event, the selection criteria should
be discussed with the consultant.

3.3.4.3 Minimum Number of Records

The minimum number of ground motion sets (two horizontal, one vertical if
considered) is three as specified in ASCE 41-13 § 2.4.2.2. ASCE 41-13
Table 7-1 provides more detail, and establishes requirements that depend on
the proximity of the building to the fault, whether the mean or maximum of
the results from the suite of records is needed, and what Performance
Objective is used. The table presents how many records will be used, and
whether rotation of the records will be used. For example, for a near-field
site (one that is at 5 km or less from the fault) being evaluated or designed to
BPON, seven or more horizontal pairs are required when the average of
results is used or between three and six horizontal pairs are required if the
maximum values are used. In this case, rotation of the horizontal
components is required, so the number of runs doubles.

The designer and specialty consultant should discuss the minimum number
of records required by ASCE 41-13 for the approach that is planned and
whether additional confidence that can be obtained by running additional
records is desired.

3.3.4.4 Near-Fault Building Sites

As the name implies, near-fault sites are located in close proximity to the
causative fault for an earthquake, as measured by distance from site to
source. In the near-fault region, it has been recognized that ground motions

ASCE 41-17 Revision

One major change in ASCE 41-

is an increase in the minimum

number of ground motion suites

from 3 to 11. The associated

acceptance criteria are simplified,

and ASCE 41-13 Table 7-1 has
been eliminated.
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Useful Tip
The Levels of Seismicity in ASCE
41-13 have been adjusted fo

match the Seismic Design
Categories in ASCE 7-10.

sometimes exhibit a large pulse near the beginning of the record. These
types of ground motions can have significantly different characteristics than
those recorded at larger distances, and may induce large displacement and
strength demands in structures that increase the risk of earthquake-induced
collapse. The design engineer should ask the specialty consultant whether
the building location qualifies as near-fault, i.e., whether deaggregation
indicates controlling earthquakes are within a certain threshold distance, and
how the suite of motions was selected. If the building location qualifies as
near-fault, ground motions that contain pulse-like and forward directivity
effects should be included in the suite and rotated accordingly.

3.4 Levels of Seismicity

The Level of Seismicity used in ASCE 41-13 § 2.5 had been adjusted to
match ASCE 7-10. The descriptors are very general and intended to reflect
the degree of seismic hazard; SDC A: Very Low, SDC B: Low, SDC C:
Moderate, and SDC D-F: High. The Level of Seismicity must be determined
to define limits of applicability of Tier 1 and Tier 2 procedures (ASCE 41-13
§ 3.3.1.1), to define the force delivery reduction factor, J (ASCE 41-13

§ 7.5.2.1.2), to select the appropriate Tier 1 and Tier 2 checklist(s) (ASCE
41-13 § 4.4), and to determine the evaluation and mitigation requirements for
nonstructural components (ASCE 41-13 § 13.2). The Level of Seismicity is
completely defined by Sps and Spi associated with the BSE-2N Seismic
Hazard.

The following is an example of how to determine the Level of Seismicity for
a building located at the San Jose, California site. The results from the ATC
online tool are shown in Figure 3-6 for BSE-2N. It is noted that ASCE
Hazards Tool (https://asce7hazardtool.online/) developed for ASCE 7 also
returns BSE-2N values.

e Seismic and Site Data:
o Location: San Jose, California
o Site Class: D
o Risk Category: II (office building)

Spectral Response Acceleration Parameters

Determine Sps and Spi:
Sps = (2/3)FaSs, Bse-2N (ASCE 41-13 Eq. 2-12)
Ss,Bseon = 1.5 from Figure 3-6

F, = 1.0 with Sspseon>1.25 (ASCE 41-13 § Table 2-3)
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https://asce7hazardtool.online/

Sp1 = (2/3) F\S1, Bse2n

S1ase2v = 0.6 from Figure 3-6

F, = 1.5 with S, Bseon> 0.50
Sps =2/3(1.0)(1.5)=1.0 > 0.50
Sp1 =2/3(1.5)(0.6) = 0.6 > 0.20

L\Tc Hazards by Location

(ASCE 41-13 Eq. 2-13)

(ASCE 41-13 § Table 2-4)

Search Information

Coordinates: 37.330837, -121.876200
Timestamp: 2018-05-29T00:18:38.5182
Hazard Type: Seismic
Reference Document: ASCE41-13
Site Class: ]
Report Title: Mot specified
Map Results
7 Tunhimine
San Francisco Y. "
aq 205 5] el
@ an:eslo
i a9 Tu '_I_c'-::-t War [BO0  Fish Camp
@Sangse Merced e
o
ot} .'(‘-\o\)'lllf
o Las Eary
: 6 \.1dﬂu a
ok te
Google Ll Mg dats ©2018 Goagle, INEGI

Text Results

Hazard Level BSE-2N

Mame Value Description

SsUH 2.01 Factored uniform-hazard spectral acceleration (2% probability of exceedance in 50 years)

CRS 1.13 Coefficient of risk (0.2s}

SsRT 227M Probabilistic risk-targeted ground motion (0.2s)

SsD 1.5 Factored deterministic acceleration value (0.2s)

Sz 15 MCER ground motion (period=0.2s)

Fa 1 Site amplification factor at 0.2s

Sxs 15 Site medified spectral response (0.2s)

S1UH o722 Factored uniform-hazard spectral acceleration (2% probability of exceedance in 50 years)

CRy 1.082 Coafficient of risk {1.0s}

S1RT D.782 Probabilistic rick-targeted ground motion {1.05)

51D [1:] Factored deterministic acceleration value (1.0s)

59 [1K] MCER ground motion {period=1.0s)

Fy 15 Site amplification factor at 1.0s

Sx1 0g Site medified spectral response (1.0s)

Figure 3-6 Summary report from the ATC Hazards by Location website
showing BSE-2N results for site in San Jose, California.
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Per ASCE 41-13 § Table 2-5, either Sps greater than 0.50g or Sp; greater than
0.20g would define the Level of Seismicity for this office building in San
Jose, California as High.

3.5 Data Collection Requirements

Prior to commencing evaluation, the engineer must gather sufficient
information of the building and site. General requirements for as-built data
collection are described in ASCE 41-13 § 3.2, which points to Chapters 4
(Tier 1), 5 (Tier 2) and 6 (Tier 3) for additional data gathering requirements
depending on the specific evaluation procedures to be used.

o Tier 1, ASCE 41-13 § 4.3.2 Field Verification and § 4.3.3 Condition
Assessment: For Tier 1 screening, § 4.3.2 requires field verification to
confirm that the building was constructed in general conformance with
the record drawings and that no modifications have been made that
significantly affect the expected performance of the lateral force-resisting
system, while § 4.3.3 requires field verification that no significant
deterioration of structural components has occurred.

o Tier 2, ASCE 41 § 5.2.2 As-Built Information, § 5.2.3 Condition
Assessment, and § 5.2.6 Knowledge Factor: For Tier 2 deficiency-based
evaluation, § 5.2.2 notes that additional as-built information may be
needed beyond that for Tier 1. § 5.2.3 focuses on condition assessment
requirements when Tier 2 procedures are used to evaluate deterioration
and damage. § 5.2.6 requires a default knowledge factor, x, of 0.75 for
Tier 2 evaluations. A higher value of x can be used if justified by the
provisions of ASCE 41-13 § 6.2.4.

e Tier 3, ASCE 41 § 6.2 Data Collection Requirements: These provisions
prescribe data collection requirements for Tier 3 evaluation. The extent
of data collection will define a graded level of knowledge as either
minimum, usual, or comprehensive. A knowledge factor, x; is selected
from ASCE 41 Table 6-1 depending on the performance requirements,
analysis procedure and level of knowledge. Increasing values of x
represent higher confidence that the structural properties are sufficiently
accurate. For linear procedures, a minimum level of knowledge is
permitted, but nonlinear procedures require either usual or
comprehensive, as defined in later chapters.

Often the seismic evaluation is started before the knowledge factor is
determined. In such cases it is acceptable to assume a value of «, but that
value must be justified per the procedures of ASCE 41-13 § 6.2 and Table
6-1 prior to finalization of the analyses.
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The foundation and material chapters of ASCE 41-13 have related data
collection requirements that accompany those in ASCE 41-13 § 6.2 and
Table': §—1. ASCE 41—.13 §8.2 cove.rs foundation condition assessr.nent. Steel 41178 6.2 and Table 6.1 as
condition assessment is addressed in ASCE 41-13 § 9.2, concrete in § 10.2, el 6 T T (g
masonry in § 11.2 (and § 15.2 for the Special Procedure for URM buildings), material chapter data collection
and wood and cold-formed steel light frame in § 12.2. The detailed design requirements fo better clarify the
examples in Chapter 5 through Chapter 13 of this Guide provide detailed data collection requirements.
information about data collection requirements specific to foundations and
different materials.

ASCE 41-17 Revision
Revisions were made in ASCE
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Chapter 4

Analysis Procedures and
Acceptance Criteria

4.1 Overview

This chapter provides discussion and example applications for a set of
specific topics that affect a number of different building types. They were
identified as needing clarification for new users of the ASCE 41-13 standard
(ASCE, 2014). Topics are taken from ASCE 41-13 Chapter 3, Chapter 6,
Chapter 7, and Chapter 13. These include the following:

e Selection of analysis procedures

e Determination of forces and deformations to use in analysis

e Categorization of primary and secondary elements

e (Categorization of force-controlled and deformation-controlled elements
e Overturning

e Qut-of-plane wall strength

e Equipment anchorage

4.2 Selection of Analysis Procedure (ASCE 41-13 § 7.3)

The type of analysis required for a seismic evaluation is dependent on many
factors, such as building type, building height, structural configuration, and
the level of evaluation. These attributes and the associated analysis
limitations are discussed in ASCE 41-13 Chapter 3 through Chapter 7, and
guidance is provided below with section references for the various levels
(tiers) of evaluation. Note that the use of Tier 1 and Tier 2 evaluation
procedures is limited to specific building types and heights with certain
Performance Levels, in accordance with ASCE 41-13 § 3.3.1, whereas the
Tier 3 systematic evaluation procedure is permitted for all buildings and all
Performance Levels.

4.2.1 Tier 1 Screening

The majority of the Tier 1 Screening procedure consists of qualitative
checklist statements. However, for most building types and Levels of
Seismicity, there are simplified analysis calculations included as “Quick
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Checks,” triggered by evaluation statements from the qualitative checklist.
These Quick Checks are performed using a pseudo seismic analysis in
accordance with ASCE 41-13 § 4.5.2.

4.2.2 Tier 2 Deficiency-Based Evaluation and Retrofit

For the Tier 2 Deficiency-Based Evaluation, the analysis method is limited to
either the linear static procedure (LSP) or the linear dynamic procedure
(LDP) per ASCE 41-13 § 5.2.4; nonlinear analysis is not permitted. Use of
the LSP is subject to the five limitations outlined in ASCE 41-13 § 7.3.1.2,
which primarily pertain to long-period structures, buildings with geometric
or stiffness irregularities, or non-orthogonal seismic force-resisting systems.
For these scenarios, the LDP must be used to better predict the potentially
complex distribution of seismic forces throughout the building. As noted in
ASCE 41-13 § 5.2.4, the additional limitations on linear procedures specified
in ASCE 41-13 § 7.3.1.1 do not apply for a Tier 2 evaluation. Specifically,
the presence of in-plane and out-of-plane discontinuities, as well as weak
story and torsional strength irregularities, does not preclude the use of Tier 2
linear procedures. Where the LDP is the selected analysis method or is
required due to the aforementioned LSP restrictions, either the response
spectrum method or the response history method is permissible.

4.2.3 Tier 3 Systematic Evaluation and Retrofit

Tier 3 Systematic Evaluation is permitted for any type of building or
structural configuration, but the analysis procedure used for the evaluation is
subject to all of the limitations in ASCE 41-13 § 7.3. These limitations and
the underlying rationale are summarized in the following sections for linear
and nonlinear analysis procedures.

4.2.3.1 Tier 3 Linear Procedures

e For regular buildings with uninterrupted load paths, linear procedures are
considered sufficiently accurate to predict the distribution of seismic
demands, and the corresponding acceptance criteria have built-in
margins of safety that are appropriate for this level of accuracy.

e Use of the LSP for a Tier 3 evaluation, however, is limited to regular
low-rise and mid-rise buildings with orthogonal seismic force-resisting
systems. Specific quantitative criteria are provided in ASCE 41-13
§ 7.3.1.2 and are consistent with the restrictions imposed on a Tier 2
evaluation.

e Both the LSP and the LDP are also subject to the limiting provisions in
ASCE 41-13 § 7.3.1.1. Four different types of irregularities are defined:
in-plane discontinuity, out-of-plane discontinuity, weak story, or
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torsional strength. Linear procedures are not permitted for structures
with in-plane and out-of-plane discontinuities due to potential
inaccuracies stemming from a linear analysis. For structures with either
a weak story irregularity or torsional strength irregularity (or both), linear
procedures may be utilized only if it can be demonstrated that the
building has limited nonlinear response for the Seismic Hazard Level
under consideration. This demonstration consists of calculating the
demand-capacity ratio (DCR) for all primary components per ASCE
41-13 Equation 7-16 and comparing it to the lesser of 3.0 or the
associated m-factor for the component action. This DCR calculation
signifies the magnitude of inelastic response for a particular component
and is only intended for determining the applicability of the linear
analysis procedures. The linear procedures have limits on the DCR since
the elastic analysis does not include force redistribution caused by some
members yielding at lower forces relative to other components in the
system. Where the DCR evaluation indicates this condition, nonlinear
procedures are required to more accurately determine the structural
behavior.

4.2.3.2 Tier 3 Nonlinear Procedures

e Tier 3 evaluations require the use of nonlinear analysis methods when a
building has one or more of the irregularities listed in ASCE 41-13
§ 7.3.1.1, with the DCR exception discussed in the previous section for a
weak story or torsional strength irregularity.

e Nonlinear analysis procedures are intended to provide a more accurate
determination of the building response. Therefore, these procedures
require a more robust understanding of the material properties and
building configuration, which can significantly affect the nonlinear
behavior of the structure. Data collection requirements are specified in
ASCE 41-13 § 6.2.4.3, which calls for either the “usual” or
“comprehensive” data collection requirements defined in ASCE 41-13
Table 6-1.

e For complex structural systems or configurations, it may be more
efficient to proceed directly with nonlinear analysis. As discussed in
Section 4.2 of this Guide, the effort involved in creating an intricate
linear model in order to evaluate whether linear procedures are
permissible may be greater than that required to generate a simple
nonlinear model.

e The nonlinear static procedure (NSP) is limited to buildings with two
distinct characteristics in accordance with ASCE 41-13 § 7.3.2.1:
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o The structure must have a strength ratio, fswengtn, that is less than the
maximum strength ratio, umax. These ratios are calculated in
accordance with ASCE 41-13 Equations 7-31 and 7-32, respectively.
These calculations are essentially a comparison of the degree of
nonlinearity in the primary system to the degradation level that could
lead to dynamic instability (for the Seismic Hazard Level under
consideration).

o The structural response must also not have significant higher mode
effects, unless additional linear procedures are performed. The
relative contribution of higher modes is determined by comparing the
base shear from the first mode response to the base shear from all
modes combined, using a sufficient number of modes to capture 90%
mass participation. However, the NSP is permitted if the nonlinear
analysis is supplemented with an LDP analysis. For this scenario,
the structural components must meet the acceptance criteria for both
analysis procedures, except the linear m-factors are permitted to be
increased by a factor of 1.33 for the LDP.

e The nonlinear dynamic procedure (NDP) is permitted for all building
types and configurations.

Figure 4-1 provides a summary of the analysis procedure selection process
for each level of evaluation.

4.2.4 Examples

The following examples illustrate some common scenarios for selection the
appropriate analysis procedure for Tiers 2 and 3. Section 6.4.3 of this Guide
presents a complete Tier 1 screening example.

4.2.4.1 Tier 2 Deficiency-Based Evaluation and Retrofit
Example

A voluntary seismic evaluation and retrofit is to be performed for a five-
story, pre-Northridge steel moment frame office building over a reinforced
concrete podium. The building is rectangular, and the first floor contains an
open lobby, and therefore the upper story moment frames are discontinuous.
The owner has elected to adopt the Basic Performance Objective for Existing
Buildings (BPOE) for the evaluation and retrofit. This qualitative example
shows the steps to determine the applicable analysis procedures.

e Building information
o Steel moment frame (Type S1) and concrete shear wall (Type C2)

o Office use: Risk Category II
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o Six stories total
o Constructed in 1981

Seismic Hazard Level and Building Performance Level (ASCE 41-13
Table 2-1)

o Seismic Hazard Level: BSE-1E

o Structural Performance Level: Life Safety (S-3)
Building site characteristics

o Sxs=1.00

o Seismicity = High (ASCE 41-13 Table 2-5)

Tier 1 Screening

Analysis Procedures:  Linear Static Analysis
Analysis Limitations:  For use with Quick Checks
Analysis Exceptions:  None

Section Reference(s): §4.5

A

y

If the Tier 1 evaluation finds deficiencies, move to a Tier 2
Deficiency-Based Evaluation.

Tier 2 Deficiency-Based Evaluation and Retrofit

Analysis Procedures: ~ LSP or LDP

Analysis Limitations:  Use of LSP (§7.3.1.2)
Analysis Exceptions: ~ None

Section Reference(s): §5.2.4,§7.4.1,§7.4.2

A

y

If the Tier 2 evaluation does not apply or deficiencies are found,
mitigate or evaluate with a Tier 3 linear evaluation.

Tier 3 Systematic Evaluation and Retrofit — Linear

Analysis Procedures: ~ LSP or LDP
Analysis Limitations:  Use of LSP & LDP (§ 7.3.1.1)

Analysis Exceptions: ~ Weak story or torsional strength irregularity

Section Reference(s): §74.1,§7.4.2

Use of LSP (§7.3.1.2)

with DCR<3.0 or m-factor

A

A

If a Tier 3 linear evaluation is not permitted, perform a Tier 3
nonlinear evaluation.

Tier 3 Systematic Evaluation and Retrofit — Nonlinear

Analysis Procedures: ~ NSP or NDP
Analysis Limitations:  Use of NSP (§ 7.3.2.1)
Analysis Exceptions: ~ NSP supplemented by LDP for

Section Reference(s): §7.4.3,§7.44

buildings with higher mode effects

Figure 4-1 Summary of the analysis procedure selection process with

reference to sections in ASCE 41-13 for each level of evaluation.
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First, the applicability of a Tier 2 Deficiency-Based Evaluation is assessed.
o Benchmark Buildings (ASCE 41-13 § 4.3)

o Because the building was constructed before 1994, the building does
not meet the benchmark requirements. Therefore, further evaluation
is required.

e Limitations on the use of Tier 2 Procedures (ASCE 41-13 § 3.3.1)

o The Life Safety (S-3) Structural Performance Level is permitted for
Tier 2 procedures.

e Vertical combinations (ASCE 41-13 § 3.3.1.2.2)

o The building meets the Life Safety Structural Performance Level
requirement, as well as the limitations of ASCE 41-13 Table 3-1 and
Table 3-2. If the building had a horizontal combination of seismic
force-resisting system, the requirements of ASCE 41-13 § 3.3.1.2.2.1
would also be assessed.

Since the requirements of ASCE 41-13 § 3.3.1 are satisfied, Tier 1 and Tier 2
procedures are permitted for this building. A Tier 1 screening is then
performed to identify deficiencies, and the Tier 2 procedure will be used to
evaluate the deficient items. The following steps are performed to determine
the allowable linear procedures for the Tier 2 evaluation.

e Limitations on the use of the LSP are determined in accordance with
ASCE 41-13 § 7.3.1.2 as referenced in ASCE 41-13 § 5.2.4. Note that
the limitations of ASCE 41-13 § 7.3.1.1 do not apply to the Tier 2
procedure, so the presence of a vertical discontinuity does not preclude
the use of Tier 2 linear procedures.

e An elastic mathematical model of the building is developed per ASCE
41-13 § 7.2.3 along with the material specific Chapter 9 and Chapter 10
of ASCE 41-13 with sufficient detail to evaluate the LSP limitations as
described below.

o A modal analysis is performed that demonstrates that the
fundamental period is less than 3.5 times 7, where T is the
characteristic period of the response spectrum at which the constant
acceleration segment of the response spectrum transitions to the
constant velocity segment. It is defined per ASCE 41-13 Equation
2-9 as SXI /st.

o There are no vertical offsets in the building, so the ratio of horizontal
dimensions of adjacent stories is 1.0.
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o A torsional stiffness irregularity for each story is determined by
evaluating if the drift along any side of the structure is more than
150% of the average story drift. The analysis indicates that there are
no torsional stiffness irregularities.

o A vertical stiffness irregularity for each story is determined by
evaluating if the average story drift is greater than 150% of that of
the story above or below. The analysis indicates that there are no
vertical stiffness irregularities.

o The building has an orthogonal seismic force-resisting system.

Based on the results of these five limitation checks, the LSP is permitted for
the Tier 2 Deficiency-Based Evaluation and Retrofit. If any of the above
limitations were not satisfied, an LDP analysis would be required.

4.2.4.2 Tier 3 Systematic Evaluation and Retrofit Example

This example is based on the same building as in the previous example;
however, the building is undergoing a change of occupancy to Risk Category
IV, which requires compliance with International Building Code-level (IBC)
seismic forces. An ASCE 41-13 Tier 3 procedure, as referenced by the 2015
IEBC, International Existing Building Code (ICC, 2015b), Section 301.1.4.1,
is used to demonstrate compliance. IEBC Table 301.1.4.1 specifies the two-
level Performance Objective of Immediate Occupancy with BSE-1N Seismic
Hazard Level and Life Safety with the BSE-2N Seismic Hazard Level. Note
that this is equivalent to the Basic Performance Objective Equivalent to New
Building Standards (BPON) as defined by ASCE 41-13 § 2.2.4 and Table
2-2. This qualitative example evaluates the allowable analysis procedures for
this building using the Tier 3 procedure.

The use of linear procedures is evaluated per the requirements of ASCE
41-13 § 7.3.1. Specifically, the four irregularity conditions are evaluated. If
all four conditions were satisfied, the applicability of the LSP would be
evaluated similar to the previous example. However, the presence of an in-
plane discontinuity irregularity prohibits the use of linear analysis
procedures. Accordingly, nonlinear procedures must be used for this
building, and ASCE 41-13 § 7.3.2.1 is followed to determine if the NSP is
permitted.

¢ A nonlinear mathematical model is created and analyzed to generate an
idealized force-displacement curve per ASCE 41-13 § 7.4.3.2.4. The
strength ratios fswength and pmax are calculated from ASCE 41-13
Equations 7-31 and 7-32 respectively, and gsiengin i found to be less than

HUmax-.
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Useful Tip

See Section 2.2.2 of this Example
Application Guide for more
discussion on pseudo seismic
force.

e A modal response spectrum analysis is performed with sufficient modes
to produce 90% mass participation. The shear in every story for this
analysis is compared to the story shear results for a second modal
response analysis considering only the first mode. The results
demonstrate that the 90% mass participation story shears do not exceed
130% of the story shear considering only the first mode response.

Therefore, the NSP is permitted for this building. Note that if the modal
response spectrum analysis did not meet these requirements, the NSP would
still be permitted, but an LDP would also have to be performed. On the other
hand, if fisirength €XCeeds fimax, then an NDP analysis would be required.

4.3 Determination of Forces and Target Displacements
(ASCE 41-13 § 7.4)

4.3.1 Introduction

This section illustrates the calculation of pseudo seismic forces for the linear
static procedure (LSP), scaling pseudo seismic forces for linear dynamic
procedure (LDP), and determining target displacements for nonlinear static
design procedure (NSP).

4.3.2 Example of Pseudo Seismic Force Calculations for Linear
Static Procedure (ASCE 41-13§ 7.4.1)

The pseudo seismic force is the sum of lateral inertial forces applied to the
building to produce displacements approximately equal to those the actual
structure is expected to undergo during design earthquake loading. The
pseudo seismic force, per ASCE 41-13 Equation 7-21, includes C; and C,
factors to modify design displacement to represent those expected for a
“yielding” structure. These values are based on analytical and experimental
investigation of earthquake response of yielding structures (see FEMA 274
Section C3.3.1.3 (FEMA, 1997b) for more background on the C; and C,
factors). The C,, value in ASCE 41-13 Equation 7-21 is included in the
pseudo force to reduce the conservatism of the LSP for buildings where
higher mode mass participation reduces seismic forces.

ASCE 41-13 § 7.4.1.3 presents an alternate method for determining pseudo
seismic forces where the product of CiC; is selected from ASCE 41-13 Table
7-3, based on the fundamental period and the maximum m-factor (7max) used
in the direction under consideration for all primary seismic-force-resisting
system elements. This method is used in the following example. Chapter 10
of this Guide presents an iterative process whereby a preliminary pseudo
seismic force is used to determine preliminary maximum Demand Capacity
Ratios (DCRs). Then, based on the DCRmax values in each direction, CiC>
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values are calculated and the final pseudo seismic forces are determined.
The C,, value is the same for both methods. Results from both methods are
compared in Section 4.3.2.2 of this Guide.

4.3.2.1 Seismic Design Parameters and Performance Level

The pseudo seismic force calculations are based on the three-story concrete
shear wall building in the Chapter 10 design example of this Example
Application Guide.

e Building Information

o Concrete shear wall building (Type C2)

o Office use: Risk Category II

o Three stories, 42 feet tall above base at ground floor
e Seismic Hazard Level and Building Performance Level

o Seismic Hazard Level: BSE-2E

o Structural Performance Level: Collapse Prevention (CP)
e Building Site Characteristics

o Site Class D

o Seattle, Washington

o Latitude: 47.6143 ° N

o Longitude: 122.3358 ° W

The following ground motion parameters are obtained for the BSE-2E
Seismic Hazard Level using the tools presented in Chapter 3:

Sxs =1.08
Sx1 =0.62

4.3.2.2 Alternate Method for Determining Pseudo Seismic
Forces

The following illustrates using the alternate method for determining the
pseudo seismic force where C,C, and C,, are determined from ASCE 41-13
Table 7-3 and Table 7-4. The pseudo seismic forces are determined for each
direction under consideration. This method is applicable in both the
transverse and longitudinal directions.

Pseudo seismic force, V, is determined per ASCE 41-13 § 7.4.1.3.1:
V. =CiGCuS W (ASCE 41-13 Eq. 7-21)
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Building period, 7, is determined using the empirical equation:
T = Chl, Method 2 (ASCE 41-13 Eq. 7-18)
where:
C: =0.020
p =0.75
h, =42 ft
T =0.020(42)"7 = 0.33 seconds

Preliminary CC; is determined in each direction from ASCE 41-13 Table
7-3:
Transverse direction:

In the transverse direction looking at ASCE 41-13 Table 10-22 for
concrete shear Walls A and G (see Section 10.5.1.2 and 10.5.1.4 of this
Guide for parameters in selecting the m-factors for the walls), #max = 6.0.
With an mmax greater than or equal to 6 and 0.3 < 7< 1.0 from ASCE
41-13 Table 7-3, then:

CiC =12

Longitudinal direction:

In the longitudinal direction, mmax = 1.0, based on all the primary
concrete shear walls in the longitudinal direction being under-reinforced
(less than 0.0015) and evaluated as a force-controlled element. With
Mmax = 1.0 and 0.3 < T'< 1.0 from ASCE 41-13 Table 7-3, then:

CiC =1.0

C, 1s determined from ASCE 41-13 Table 7-4:

C, = 0.80 (Concrete shear wall building with 3 or more stories)

Response acceleration parameters are determined per ASCE 41-13 § 2.4.1:

To =02Ts (ASCE 41-13 Eq. 2-10)
where:
Ts = Sxi/Sxs (ASCE 41-13 Eq. 2-9)

Sx1 = 0.62 (given)
Sxs = 1.08 (given)
Ts =0.62/1.08 =0.574 seconds
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To =0.2(0.574) = 0.115 seconds
Since To < T'< Ts:
Sa = Sxs/Bi (ASCE 41-13 Eq. 2-6)
Determine damping modifier B;:
B1 =4/[5.6-1n(1005)] (ASCE 41-13 Eq. 2-11)
where:

f =0.05 (effective viscous damping ratio, f = 0.05
corresponds to 5% damping which is typical for
concrete office buildings)

Bi = 4/{5.6-In[100(0.05)]} = 1.0
S. =Sys/Bi=1.08/1.0=1.08

Pseudo seismic force:
Transverse direction:

V. =CiCCuS W
= 1.20(0.8)(1.08) W
= 1.04W

Longitudinal direction:

V =CiCCuS W
= 1.0(0.8)(1.08) W
= 0.86

The pseudo seismic force looks much larger than ASCE 7-10 values where
the seismic force is reduced by a system-wide response modification factor,
R, taking into account ductility and detailing of the building lateral resisting
system. ASCE 41-13 addresses ductility and detailing on the capacity side
using m-factors and expected strength for deformation-controlled members.

Section 10.4.6 of this Guide presents values of these values with the iterative
process as 1.02W for Vrrans and 0.86W for Vione. The comparison shows
that pseudo seismic forces are similar for both methods.

VTRANSZ 1.04W versus 1.02W
Vione = 0.86W versus 0.86 /W

FEMA P-2006 4: Analysis Procedures and
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4.3.3 Scaling Pseudo Seismic Forces for Linear Dynamic
Procedure (ASCE 41-13§ 7.4.2)

Pseudo seismic forces for linear dynamic procedure (LDP) are not required
to be scaled as they are in ASCE 7. The LDP in ASCE 41-13 is intended to
displace the structure to its anticipated displacement, which is taken as C;C,
times the unreduced pseudo seismic forces associated with the Seismic
Hazard and Performance Level considered. Therefore, no artificial floor is
needed as included in ASCE 7-10 requirements.

Per ASCE 41-13 § 7.4.2.3.2, the diaphragm forces determined by LDP are
required to be scaled similar to ASCE 7 and taken as not less than 85% of the
static force value.

4.3.4 Determination of Target Displacement

For the nonlinear static procedure (NSP), the target displacement is
calculated per ASCE 41-13 § 7.4.3.3. The target displacement represents the
expected displacement of the roof level at the Seismic Hazard Level under
consideration. Building components are then evaluated at that displacement
to determine whether they have sufficient capacity to accommodate the
displacement. ASCE 41-13 Equation 7-28 defines the target displacement:

2

L. g (ASCE 41-13 Eq. 7-28)

o =C,C,C,S,
4z

where:

Co = Modification factor to relate spectral displacement of an
equivalent single-degree-of-freedom (SDOF) system to the
roof displacement of the building multi-degree-of-freedom
(MDOF) system

C1 = Modification factor to relate expected maximum inelastic
displacements to displacement calculated for linear elastic
response

C, = Modification factor to represent the effect of pinched
hysteresis shape, cyclic stiffness degradation, and strength
deterioration on the maximum displacement response

C,, = Effective mass factor

S. = Response spectrum acceleration at the effective fundamental
period and damping ratio of the building in the direction under
consideration
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T, = Effective fundamental period of the building in the direction
under consideration, defined as:

T. =T;(Ki/K.)" (ASCE 41-13 Eq. 7-27)
where:

T: = Elastic fundamental period (in seconds) in the direction
under consideration

K; = Elastic lateral stiffness of the building in the direction
under consideration

K. = Effective lateral stiffness of the building in the direction
under consideration, as shown in ASCE 41-13 Figure 7-3.

Additional information regarding each coefficient is as follows:

Co: There are three methods for determining this modification factor.
The first is to use the first mode mass participation factor multiplied by
the ordinate of the first mode shape at the control node. The second is
the mass participation factor calculated using a shape vector
corresponding to the deflected shape of the building at the target
displacement multiplied by the ordinate of the shape vector at the control
node. The values for either of these methods can come from a computer
model that calculates the dynamic properties of the building. The third
method is to use default values from ASCE 41-13 Table 7-5, which
depend on the number of stories, the type of loading pattern used
(triangular or uniform), and whether the building is or is not a “shear”
building where story drift decreases with increasing height. The third
method is the most common.

Ci: Calculation of C; first requires determination of sirengin, Which is:
Ustrength = [Sa/(Vy/ W)]Cn (ASCE 41-13 Eq. 7-31)
where:
Sa = As defined above

W = Effective seismic weight in accordance with ASCE
41-13 § 7.4.1.3.1, which provides details regarding
storage, partition, equipment, and snow loads.

C,, = Effective mass factor

The value gsiengn 18 the ratio of elastic strength to yield strength. The
NSP is not permitted where sirength €Xceeds fimax. fimax 18 defined in
ASCE 41-13 Equation 7-32 and involves understanding the post-yield
negative slope of the global force-displacement relationship and P-4
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effects on the slope. After ssiengin 1 calculated, then it can be used for
ASCE 41-13 Equation 7-29.

.
G = 1+“m%“‘2 (ASCE 41-13 Eq. 7-29)
a e

where:

a = Site class factor: 130 for Site Class A or B, 90 for Site
Class C, and 60 for Site Class D, E, or F

T. = Effective fundamental period as defined above

C) also has bounds related to the effective period of the building. Where
T. is less than 0.2 seconds, then the C; need not be taken as greater than

the value calculated at 7= 0.2 seconds. For 7, greater than 1.0 seconds,

then the C; = 1.0.

e (5 Calculation of C; also depends on sirengih and 7. It is defined as:

800\ T

e

1Y
Cro= 14— (”&J (ASCE 41-13 Eq. 7-30)

For T, greater than 0.7 seconds, then C, = 1.0.

e  Cy: There are two methods for calculating C,,. The first is to use the
effective mass factor in ASCE 41-13 Table 7-4, which depends on the
seismic force-resisting system and the number of stories. The second
approach is to use the effective modal mass participation factor
calculated for the fundamental mode using an eigenvalue analysis. For
T, greater than 1.0 seconds, then C,, = 1.0.

As can be seen, even though ASCE 41-13 Equation 7-28 appears relatively
straightforward, calculation of the coefficients themselves is not. It involves
developing the model of the building, displacing it to get a global force-
displacement curve, idealizing the curve, calculating effective stiffness
properties and effective periods, determining the extent of anticipate strength
beyond the yield strength, and understanding the negative post-yield portion
of the global force-displacement curve. In addition, the entire process is
iterative. A preliminary target displacement is calculated, and then based on
the displacement, the idealized global force-displacement curve is refined,
and the various coefficients are recalculated. The process is repeated until
reasonable convergence is achieved.

A detailed example of calculating the target displacement for the NSP is
shown in Section 11.3 of this Guide for a concrete building, including all the
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necessary steps. For more information on the technical basis of the target
displacement method and its coefficients, see FEMA 440 (2005).

4.4 Primary vs. Secondary Elements (ASCE 41-13 § 7.2.3.3
and ASCE 41-13 § 7.5.1.1)

Elements of a building that provide gravity or seismic load resistance as part
of a continuous load path to the foundation, including beams, columns, slabs,
braces, walls, wall piers, coupling beams, and connections may be designated
as primary or secondary.

Primary elements are traditional lateral force-resisting elements, such as
shear walls, braced frames, and moment frames, and must be included in the
analysis model. Primary elements can be existing elements or new elements
that are part of a seismic retrofit. Secondary elements are typically existing
elements that unintentionally participate in the seismic response and typically
provide unreliable resistance to earthquake loads. Secondary elements are
usually either gravity load-carrying elements (gravity beams and columns) or
nonstructural elements that are not isolated from the structural system. Table
4-1 provides some common secondary elements that may be part of the listed
common model building types.

Table 4-1  Common Secondary Elements

Primary System | Examples of Secondary Elements

Wood (W1, W1a, W2) and Gravity beams and columns, and participating
flexible diaphragms in non-light nonstructural elements such as gypsum walls, lath
frame (S1a, S2a, S5a, C2a, C3a, and plaster walls, and stucco walls

PC1, RM1, URM)

Moment frame (S1, S3, C1, PC2a) | Gravity beams and columns, concrete slab to
column, stair framing, cladding and partition walls

rigidity attached

Shear wall (S4, S5, C2, C3, PC1a,
PC2, RM2, URMa)

Concrete slab to concrete columns, gravity columns

Braced frame (S2)

Gravity beams and columns

The concept of redundancy is an important part of designing structures for
seismic resistance. In many structures, nearly all elements and components
of the building participate to some degree in the structure’s seismic force-
resisting system. ASCE 41-13 encourages including all primary and
secondary elements in the analysis to better understand the building behavior.
If only primary seismic force-resisting elements are included in the
evaluation, ASCE 41-13 may appear to be conservative especially when
more advanced analysis is performed. Below is commentary from FEMA
274 (FEMA, 1997b) that discusses the origin of primary and secondary
elements:

Key Terms

Primary Component: An
element that is required to resist
the seismic forces and
accommodate seismic
deformations in order for the
structure to achieve the selected
Performance Level.

Secondary Component: An
element that accommodates
seismic deformations but is not
required to resist the seismic
forces it may attract in order for
the structure to achieve the
selected Performance Level. The
total stiffness of secondary
components cannot exceed 25%
of the stiffness of primary
components.
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Key Terms

Structural Component: An
element of a building that
provides load resistance as part of
a load path; designated as
primary or secondary.

Nonstructural Component: An
architectural, mechanical, or
electrical element of a building
that is permanently installed in,
or is an integral part of, a
building system.

The component is required fo be
clossified as structural if stiffness
or strength exceed 10% of the
structural components.

“If a structure has sufficient redundancy, it may be permissible to allow
failure of some elements, as long as this does not result in loss of gravity
load-carrying capacity or overall lateral stability. FEMA 273
introduced the concept of “primary” and “secondary” elements in order
to allow designers to take advantage of the inherent redundancy in some
structures, and to permit a few selected elements to experience
significant damage rather than requiring massive rehabilitation
programs to prevent such damage.”

If secondary elements are not supporting gravity loads and the consequence
of failure is relatively insignificant, many in practice will consider it
sufficient to model those elements with deformation-controlled Type 3 force-
displacement relationship (Figure 4-6). This reclassification is permissible
only if the requirements of ASCE 41-13 § 7.5.1.2 are met. These include:

e The component actually exhibits the Type 3 deformation-controlled
behavior depicted in Figure 4-6

e The gravity load-carrying load path is not altered or an adequate
alternative path is provided

e The total gravity load supported by reclassified components does not
exceed 5% of the total at that story

e All remaining components meet their acceptance criteria

o Ifthe reclassification results in a change in the expected mechanism of
the building, then the Type 3 components strength shall be increased by
the ratio of Qce/Q,, the analysis rerun, and all components rechecked.

For linear analysis, if the total initial stiffness of secondary elements exceeds
25% of the total initial lateral stiffness of primary elements, some secondary
elements must be reclassified as primary and included in the analysis model
to reduce the relative stiffness of secondary elements to be less than 25% per
ASCE 41-13 § 7.2.3.3. All remaining secondary elements that are not
explicitly modeled are checked for the earthquake-induced deformations in
combination with gravity loads. To make this confirmation, it is sometimes
helpful to make a second analysis model with deformations induced into the
secondary elements in combination with gravity loads.

Nonstructural elements are also required to be considered and required to be
classified as a structural element if their initial lateral stiffness or strength
exceeds 10% of the total initial lateral stiffness or expected strength of a
story, respectively. All elements should be included if their participation
affects any irregularities. An example of this could be torsional response
from rigidly attached stairs on one side of a moment frame building or
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cladding systems with different stiffness characteristics on opposing sides of
the building. The process of determining which elements need to be included
in the model can be iterative and requires a good understanding of how the
secondary and nonstructural elements are detailed. If their detailing does not
allow for isolation from seismic deformations, then they should be included
in the initial model to understand their relative stiffness to determine if they
are required to be treated as a primary.

For nonlinear analysis, all elements (primary and secondary) should be
included in the model with their respective strength and stiffness, including
degradation, for more accurate results. Nonlinear analysis treats the
acceptance criteria for primary and secondary elements the same since
strength and stiffness degradation and force redistribution are explicitly
captured in the analysis model. Linear analysis cannot account for this
degradation; therefore, only primary elements are required to be included in
the model. Figure 4-2 through Figure 4-4 show examples of primary and
secondary elements.

Figure 4-4 shows that for a relatively stiff system with concrete shear walls,
designation of primary and secondary requires judgment and understanding
of the system behavior. In that example, the primary shear wall and short
pier are the primary system since they are both likely to have more than the
25% stiffness limitation of secondary. The spandrels adjacent to the wall or
pier should also be modeled since their geometry directly affects the primary
elements stiffness.

Figure 4-5 is the plan of a building where the secondary system provides
significant unintended lateral stiffness relative to the primary system. The
primary system is a perimeter concrete moment frame, and the secondary
system is the gravity system consisting of a concrete flat plate slab spanning
to interior concrete columns. The slab-column gravity connections resist
72% of the base shear in north-south transverse direction due to the long
diaphragm span and reduced number of moment frame bays in that direction.
Since this is greater than the 25% limit in ASCE 41-13 § 7.2.3.3, these
secondary elements are required to be reclassified as primary and included in
analysis model.
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SECONDARY:

Gravity beams PRIMARY:
:? and columns Shear wall

V

PRIMARY:
Columns under
' shear wall
7
Figure 4-2 Shear wall building illustrating primary and secondary
components.
SECONDARY: PRIMARY:
Gravity beams Braces, beams
27 and columns and columns
Z
Figure 4-3 Braced frame building illustrating primary and secondary
components.
SECONDARY: Spandrels .
that do not have large C PRIMARYI'I
effects on lateral stiffness oncrete wa
[ | > m><
= 4 ><(| V
] A k‘
PRIMARY: Deep spandrels and SECONDARY:
short piers affect lateral stiffness. Columns '
Removal from the model would
change the behavior
Figure 4-4 Perforated concrete shear wall building illustrating primary and
secondary components.
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Figure 4-5 Concrete moment frame building plan illustrating
primary and secondary components.

4.5 Force-Controlled and Deformation-Controlled Actions
(ASCE 41-13 § 7.5.1.2)

Force-controlled actions (FCA) are expected to have sudden loss of strength
after failure, and are not allowed to exceed the nominal strength of the
element being evaluated. On the other hand, deformation-controlled actions
(DCA) are permitted to deform beyond yield as approximated by their
component modification factor (m-factor). Ideally, a building system has an
identifiable seismic force-resisting system, consisting of horizontal and
vertical systems. Within each of these, some component actions are expected
to be capable of performing after initial yielding (deformation-controlled
actions), whereas some actions are required to transmit forces elastically due
to their limited ductility (forced-controlled actions). This concept is
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somewhat similar to how new buildings are designed with special load
combinations (those containing overstrength, €o, factor) applied to
components that are intended to remain essentially elastic, and code-level
forces (with a reduction factor, R) are used for the elements of the lateral
force-resisting system that are expected to yield. New buildings also have
requirements to ensure intended behavior, such as strong column/weak beam
behavior in moment frames. Figure 4-6 (which is ASCE 41-13 Figure 7-4)
illustrates the component behavior curves that define if an element is
deformation-controlled (Type 1) or force-controlled (Type 3). Behavior in
between the Type 1 and Type 3 (Type 2) depends on the amount of plastic
deformation before strength loss, to determine whether it is considered
deformation-controlled or force-controlled.

Q 2 Q 23 Q
1
1 1,23
Q
3
a a
b
b 4 b, i —
o 9 d efao g de f A0 gde oA
Type 1 curve Type 2 curve Type 3 curve
Notes:

1.Only secondary component actions permitted between points 2 and 4;

2.The force, Q, after peint 3 diminishes to approximately zero.
Figure 4-6 Force-displacement curves (ASCE 41-13 Figure 7-4). Printed

with permission from ASCE.

Figure 4-7 through Figure 4-9 illustrate some common examples of DCA and
FCA for two selected different building systems and a brace connection. It is
noted that for each building, component action designations could be
different based on other factors, such as high axial load.

To address the frequently occurring scenario where a small number of
elements fail to meet the acceptance criteria, particularly in stiff force-
controlled elements, ASCE 41-13 § 7.5.1.2 and ASCE 41-13 Figure 7-4
permit the reclassification of some force-controlled element to allow strength
loss, provided vertical load-carrying capability remains and dynamic
instability does not occur. A common example of this would be a localized
loss of a coupling beam that is not supporting gravity loads beyond its self-
weight that fails early due to its stiffness. If the element is able to be further
damaged without resulting in loss of gravity load capacity, this element could
be considered a deformation-controlled element with a Type 3 curve per
ASCE 41-13 § 7.5.1.2.
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Figure 4-7

FCA: DCA: Shear wall
Diaphragm (shear and
connections ‘\- flexure)
DCA:
Collectors
FCA:
Collector
connections
FCA: Columns
FCA: under discontinuous
S~ Columns if wall
high axial load

7.
Shear wall building illustrating force- and deformation-
controlled actions.
DCA: Brace, Beam
FCA: Brace and Columns

connections
FCA:
Diaphragm
connections

DCA:
Collectors

Figure 4-8

FCA: Beam for

[
oo . FCA: Columns if
unbalance high axial load
load in CBFs T
) {

7

Braced frame building illustrating force- and deformation-
controlled actions.
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DCA: Column FCA: Brace

(unless high axial Connections
load)
B - )(\ : DCA: Brace

FCA: Gusset/ Base
Plate

) e ——— -
-
r//

FCA: Anchors

Figure 4-9 Braced frame connection illustrating force- and
deformation-controlled actions.

Table 4-2 lists common elements that would be designated force-controlled
for different structural systems and the reasons for that designation.

Table 4-2  Examples of Force-Controlled Elements

ASCE 41-13

Force-Controlled Component Trigger Reference

Captive columns Tier 2: Required if columns are §5.5.2.3.3
shear controlled

Tier 2 Precast concrete moment frame Tier 2: If Tier 1 check fails §5.5.2.4
elements or connections
. . Tier 2: If connection is being used

Tilt-up panel to panel connection to transfer overturning §5.5.3.3.3

Diaphragm ties Always required by reference §7.2.9.5
section

Continuity Alwgys required by reference §7.2.10
section

Out-of-plane connections gl;vgyi 1reqU|red by ASCE 41-13 §7.2.11.1

General Always required by ASCE 41-13 §7.2.11.2,
Out-of-plane structural walls §7.211 §11.3.5.3
4 — 4 §7.4.1.3.4,

Transfer diaphragm forces Discontinuous vertical elements §7.4232

Foundations reactions Fixed base assumption §8.4.5.2.1

Seismic earth pressure on retaining | Always required by reference $8.6

walls section '
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Table 4-2

Examples of Force-Controlled Elements (continued)

ASCE 41-13
Force-Controlled Component Trigger Reference
Anchorage to concrete If controlled by concrete failure §9.3.2.4
§9.4.24.2,
§9.4.2.43,
Steel columns Axial demand/capacity over 50% | Table 9-5 Note
12,
Table 9-6 Note 6
. . Yielding of beam remote of §9.4.2.4.2,
Fully-restrained (FR) connections connection §9.4.2.4.3
Partially-restrained (PR) frame Limits state not listed in Table 9-5 [ §9.4.3.4.2
connections
Always required unless
. S - §9.5.2.4.1,
Braced frame connections connection is explicitly modeled §9.5.4.4.1
and ductility is justified e
Steel beams in V-type of inverted Unbalanged load effects in
concentrically braced frames §9.5.2.4.2
Steel V-type braced frames
(CBF)
Eccentrically braced frame (EBF) Always required by reference
b . . §9.5.3.4.1
races and connections section
. . §9.8.1.4,
Connections of metal deck Always required by reference §9.8.2.4
diaphragms section §9.83.4
Archaic diaphragms Alwgys required by reference §9.8.5.4
section
Connections of steel piles to pile Always required by reference §9.9.4
caps section "
Cast and wrought iron Alwgys required by reference §9.10.3
section
Fully-restrained connections - Where limits other than plate net | Table 9-5,
welded flange plates section govern Table 9-6
Concrete actions not listed tables Unless component testing is §10.3.2.1
performed
Concrete columns - axial load When also in bi-axial bending §10.3.3
Always required by reference §10.3.6.1,
Anchorage to concrete section §10.3.6.2
Slab-column moment frames FCA are all actions not listed in §10.4.4.4.1
reference section
Concrete ; ; ;
Concrete frame with masonry infills FCA are all actions not listed in §10.6.2.4
reference section
Concrete shear walls or wall Transverse reinforcing ratio less §10.7.2.3
segment than 0.0015 o
Concrete shear walls, wall segments, | Actions other than flexure or
. §10.7.2.4.1
and coupling beams shear
Concrete braced frames FCA are al actions not listed in §10.9.5.1
reference section
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Table 4-2

Examples of Force-Controlled Elements (continued)

Force-Controlled Component

Trigger

Always required by reference

ASCE 41-13
Reference

Concrete diaphragm connections section §10.10.2.4
Un-topped precast diaphragms ?;\gﬁoyz required by reference §10.11.2
Concrete ;
(cont’d) Existing foundation systems g\;g?grs] required by reference §10.12.3
dovlopment ofsplces,or g | T2 10-15 Note
Concrete slab-columns P P , Or high 5, Table 10-16
shear demand without continuity
. - Note 5
reinforcing.
Table 10-20 Note
Concrete shear wall controlled by High axial demand 1, Table 10-22
shear
Note 1
URM toe crushing, diagonal tension, | Always required by reference §11.3.2,
and axial compression section §11.3.2.3
Reinforced masonry walls - axial Always required by reference §11.3.43
compression section T
Masonry
Reinforced masonry walls controlled Table 11-6 Note
b Walls with high axial demand 2, Table 11-7
y shear
Note 2
Anchorage to masonry Alwgys required by reference 11.5.2
section
Existing masonry foundations A'W?YS required by reference 11.6.2
section
Light-frame components supporting | Flexure and shear on beams and
. . . . 12.3.4.1,12.3.4.2
discontinuous shear walls axial compression on columns
Light-frame bodies of connections A'W?YS required by reference 12.3.3.1,12.3.3.2
section
Axial compression and connections Alwavs required by reference
Light between steel rods and wood ays req Y 12.7.13
section
Frame members
Light-frame components subject to | Always required by reference Table 12-3

axial compression

section

Wood connection

Actions on connection not listed
in table

Table 12-3 Note
4, Table 12-4
Note 4

4.5.1 J-Factor (ASCE 41-13§ 7.5.2.1.2)

The linear procedures are based on amplified elastic force demands to

approximate expected nonlinear deformations. The structural system may

have some level of component action yielding; hence, the actual forces

present on an element will be less than those computed in the analysis. For

force-controlled elements, the methodology seeks to maintain those as

essentially elastic to avoid brittle failure and therefore require comparison of
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their capacity to the expected demand. The derivation of this demand is
obtained by removing the amplification factors, CiC», and introducing a force
reduction factor, J, to account for the yielding occurring in the deformation-
controlled elements. The product of C;1C,is divided out since they are
modifications to the pseudo lateral force to better capture inelastic demands
in yielding elements, as follows:

Our = 06 + Or/(C1Co)) (ASCE 41-13 Eq. 7-35)

ASCE 41-17 Revision
Since force-controlled elements are to remain elastic, these modifications In ASCE 41-17, Equation 7-35
from inelastic yielding would overpredict the demand. Figure 4-10 modifies was revised to add a 1.3 factor on
a figure from FEMA 274 (FEMA, 1997b) to illustrate the axial force- Q: for Life Safety Performance

Level checks fo better provide the

. .. . margin of safety against collapse
system are required to be force-controlled as they support significant gravity implied by the Life Safety

displacement behavior of a column. Many times, columns in the primary

load. Under only gravity load, there is no displacement which defines point Performance Level definition.

b on the vertical axis. As seismic load is added to the system, there is

increased lateral displacement and yielding occurring in the primary system
which will cause the earthquake demands in the force-controlled elements to
reduce from the elastic response demands (point ¢) due to yielding elements
in the load path. The value of J is to be taken as the smallest demand-to-
capacity ratio of elements in the load path of the force-controlled element
representing the most demand that could be delivered to the forced-
controlled element. Alternatively, ASCE 41-13 § 7.5.2.1.2 allows J to be
taken between 1.0 and 2.0, depending on the Level of Seismicity as defined
by ASCE 41-13 § 2.5.

Elastic

(QG+PE)'

Figure 4-10 J-factor example at column (from FEMA, 1997b).

Where elements delivering demands to the force-controlled elements either
remain elastic or are required to satisfy Immediate Occupancy performance
level, J is required to be taken as 1.0. Refer to example in Section 4.6.4 of
this Guide for application of J-factor examples.
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Example Summary

Structure Type: Two-story
wood-frame shear wall

Performance Objective: BPOE
Risk Category: I

Location: Sacramento, California
Level of Seismicity: High
Reference Documents:
NDS-2012

SPDWS-08

AISI $100-07/52-10

AISI $213-07/51-09

4.6 Overturning—Wood Shear Wall Example (ASCE 41-13
§7.2.8)

The overturning effects caused by seismic forces are evaluated in this section
for a two-story light-frame wood shear wall to determine if the seismic forces
can be resisted by the stabilizing effects of gravity load or if the positive
attachments provided at each story are required and adequate for the
anticipated loading. The overturning effects at the foundation-soil interface
are also evaluated per ASCE 41-13 Chapter 8.

4.6.1 Overview

This example illustrates the procedure and calculations to evaluate the
overturning effects at each level of a two-story wood-frame shear wall in
accordance with ASCE 41-13 § 7.2.8 using the linear static procedure. This
section of ASCE 41-13 addresses the overturning stability and connections at
each story, but does not include an evaluation of the foundation or
overturning at the foundation-soil interface, which is addressed in ASCE
41-13 Chapter 8. The following calculations are illustrated:

e (alculation of pseudo seismic force (ASCE 41-13 § 7.4.1.3)

e Evaluation of overturning and strap at the second floor (ASCE 41-13
§7.2.8,§ 12.2,and § 12.3)

e Evaluation of overturning and hold-down at the first floor (ASCE 41-13
§7.2.8,§ 12.2,and § 12.3)

e Evaluation of the hold-down anchor-to-footing connection (ASCE 41-13
§ 10.3.6)

e Evaluation of overturning at the foundation-soil interface (ASCE 41-13
§ 8.4.2.3)

The Basic Performance Objective for Existing Buildings (BPOE) is the
targeted performance. The building is assumed to be a Risk Category II
building. This example illustrates the Tier 3 procedure that requires a two-
level assessment: per ASCE 41-13 Table 2-1, the Structural Performance
Levels required to be evaluated for the Tier 3 procedure are Life Safety at the
BSE-1E Seismic Hazard Level and Collapse Prevention at the BSE-2E
Seismic Hazard Level. It is noted that this building would qualify for the
Tier 2 procedure and require only a single-level assessment (Life Safety at
the BSE-1E Seismic Hazard Level). The following sections first check the
Collapse Prevention Performance Level for the BSE-2E seismic hazard as
that typically governs; then a brief comparison will be made for the Life
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Safety Performance Level for the BSE-1E seismic hazard at the end of each

section.

Figure 4-11 illustrates the configuration, geometry, and loading for the shear

wall segment being evaluated.

L,=15-0"
L1=14'-10%%"
¢, stud to ¢. stud .
Joists
Qp=200 Ibs/ft /
FR(QE)_> H*H }* H +H : i‘*i:, Roof
1%2" Shear pane| ,T::::::::::::::::::::},
sheathing with | 5
10d at 6" o.c. N | Metal
| | / strap ~
; Qp=300 Ibs/ft i
F2(Qg) —» ::+:: + ::+:: + ::+:: ‘ L2
'%42" shear panel [ i Metal =
sheathing with - —hold- &
10d at 4" o.c. x \ | down ¥
= phan
i S il L1
L,=14'-5V,"
¢, post to & anchor bolt
20'-0" footing
Figure 4-11 Elevation of two-story wood frame shear wall.

The following building information is given:

Location: Sacramento, California
Site Class D
Two-story, 10 foot story heights

15/32-inch wood structural panel (Structural I) shear wall, 15 feet in
length, with 10d at 6 inches on center edge nailing at second story and
10d at 4 inches on center edge nailing at first story.

Building seismic weight at roof and floor level of 140 kips and 180 kips,
respectively. It is assumed that 25% of seismic load is resisted by
example shear wall as a full building analysis is not included in this
example.

Douglas Fir-Larch framing

FEMA P-2006 4: Analysis Procedures and
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e Existing construction documents and material test reports provide the
following material strengths:

o Light-gauge metal strap yield and tensile strength, £, = 50,000 psi and
fu= 65,000 psi (per manufacturer’s evaluation report)

o Anchor rod yield strength, £, = 36,000 psi
o Allowable soil bearing pressure (D+L) = 2,500 psf

4.6.1.1 Application of ASCE 41-13 Methodology to Wood-
Framed Shear Walls

After reviewing this example, it will become evident that the level of effort
customarily needed for the equivalent new wood shear wall design in
accordance with ASCE 7-10 is significantly less than that to perform an
evaluation of an existing shear wall in accordance with ASCE 41-13. The
primary reason for the difference in effort between the standards is in the
overall methodology, which is discussed in detail in Chapter 2 of this Guide.
ASCE 41-13 requires the user to fully understand the behavior of the
building and the controlling mechanisms in the entire load path in order to
properly evaluate each component, whereas ASCE 7-10 contains prescriptive
load and detailing requirements for each component. This results in
significantly more detailed analysis for ASCE 41-13 to follow the
mechanisms in each component along the entire load path.

In order to assess each mechanism using ASCE 41-13 provisions, the
material capacity of each component that makes up a connection assembly
must be determined, but that information is not always readily available from
manufacturer’s published catalogs and evaluation reports for wood
connection hardware. The load capacities listed in these documents are
based on numerous load and deflection test criteria, and only the governing
values are typically listed. In order to not make conservative assumptions in
ASCE 41-13 and to best estimate the various component strengths, it is
necessary to know the values of each test criteria. If manufacturers of
connection hardware can provide these values, it will help simplify the
rigorous analysis and minimize any conservative assumptions.

There is also a disconnect between the evaluation of components that are
intended to remain essentially elastic in ASCE 41-13 as compared to the
design of those elements in ASCE 7-10. For wood frame shear wall
construction, ASCE 7-10 does not require any components, such as
connection hardware, to be designed for an amplified design load using an
overstrength factor (i.e., force-controlled) except for beam or column
elements supporting discontinuous shear walls. ASCE 41-13 diverges from
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this approach and requires connection hardware (among other components)
to be treated as force-controlled. As a result, connection hardware designed
in accordance with ASCE 7-10 without an amplified design load may fail the
ASCE 41-13 force-controlled component evaluation.

4.6.2 Spectral Response Acceleration Parameters

The overturning calculation in ASCE 41-13 § 7.2.8.1 requires the pseudo
seismic forces to be calculated in accordance with ASCE 41-13 § 7.4.1.3.1
and requires the parameters, Sxs and Sxi, to be determined for both the
BSE-1E and BSE-2E Seismic Hazard Levels. These parameters can be
obtained using the tools presented in Chapter 3 of this Example Application
Guide and are as follows for this site:

Sxssse-2e = 0.651g
Sx1.8se26 = 0.400g
Sxspse1e = 0.429g
Sx1,pse-1£ = 0.284¢g

The Level of Seismicity is determined in accordance with ASCE 41-13 Table
2-5 and is always based on the BSE-1N spectral response parameters as
calculated below.

SDS,BSE-IN = (2/3) FaSS,BSE—ZN = (2/3)(126)(0675g) = O.567g > O.Sg
SDl,BSE-lN = (2/3) FvSI,BSE-ZN = (2/3)(1 813)(0293g) = 0.354g > O.Zg

Per ASCE 41-13 Table 2-5, the Level of Seismicity is High.

4.6.3 Pseudo Seismic Force on the Wall and Seismic Force at
Each Level

The linear static procedure utilizes the pseudo seismic force, V, in ASCE
41-13 § 7.4.1.3 to calculate the seismic demands on elements. See Section
4.3.2 of this Guide for a more detailed example of determining the pseudo
seismic force.

Pseudo seismic forces will be computed for both the Life Safety and
Collapse Prevention Performance Levels for the BSE-1E and BSE-2E
Seismic Hazard Levels, respectively.

Vo =CiGCChS W (ASCE 41-13 Eq. 7-21)
where:
C) and Cy:
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Cu:

In this example, the simplified alternate method will be used to
determine the combined factors C1C, per ASCE 41-13 Table 7-3.
This table requires the building fundamental period, 7, to be
calculated in accordance with ASCE 41-13 § 7.4.1.2. For this
example, the empirical period formulation in Method 2 in ASCE
41-13 § 7.4.1.2.2 will be used as follows:

T = Ch’ =(0.020)(20 ft)"” =0.19 seconds

where:
C: =0.020 for all other framing systems
h, = height above the base to the roof level = 20 ft

£ =0.75 for all other framing systems

The selection of the combined factors CiC, per ASCE 41-13
Table 7-3 also requires the determination of mmax, which is the
largest m-factor for all primary elements of the building in the
direction under consideration. Since the primary mechanism is
yielding of the plywood shear wall, #max Will most likely be the
m-factor for the wood structural panel sheathing per ASCE
41-13 Table 12-3 as follows:

mmaxzs = 3.8 for Life Safety Performance Objective

mmaxcp = 4.5 for Collapse Prevention Performance
Objective

The value for combined factors C,C, per ASCE 41-13 Table 7-3
for a fundamental period of 0.19 seconds and 2 < mmax < 6 is as
follows:

CiC, =14

This example only focuses on the evaluation of overturning on
one shear wall in a larger structure. If a full building assessment
were performed, validation of the C; and C; factors should be
done in accordance with ASCE 41-13 § 7.4.1.3.1 considering the
actual demand-capacity ratios of the controlling components
through an iterative process.

C,, is obtained per Table 7-4 of ASCE 41-13.

C, = 1.0 for all other systems and two stories in height
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Sq is determined per ASCE 41-13 § 2.4. In accordance with
ASCE 41-13 § 7.2.3.6, the example is based on 5% damping;
however, 10% damping would be permitted if qualifying cross
walls were present. Since this structure is a shear wall building
and short in height, the period of the building most likely occurs
on the constant acceleration portion of the response spectrum.

Sa BSE-2E:
S
Tspspop =——22E (ASCE 41-13 Eq. 2-9)
XS,BSE-2E
_0.400g _ 0.61 seconds
0.651g
Tosse2e = 0.2Tsse 2k (ASCE 41-13 Eq. 2-10)

=0.2 (0.61 seconds) = 0.12 seconds

Since Topse28 < T < Tspse-2e = 0.12<0.19 <0.61 seconds, then:

S - 0.651
Suppsap =582 _TO98 _ 0 651g (ASCE 41-13 Eq. 2-6)
B, 1.0
B = 4 (ASCE 41-13 Eq. 2-11)
' 5.6-1n(1004)] 4
= 4 =1.0
{5.6-n[100(0.05) |}
Sa,BSE-1E:
Suspsie =228 _ 0 4290
1.0
w:
W is the effective seismic weight of the building as given in
Section 4.6.1 above.
W = Wr+ W>=140 kips + 180 kips = 320 kips
Therefore,

Visg-2r = C1C2CmSa,BSE.ZEW= 1.4(1.0)(0.651g)W= 0911w =292 kipS

Vese-1E= C1C2CmSa,BSE.1EW= 14(10)(0429g)W= 0.601W =192 kipS

Pseudo Seismic Force to Each Level

The pseudo seismic force is vertically distributed to each level in accordance
with ASCE 41-13 § 7.4.1.3.2:
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F, =CuV (ASCE 41-13 Eq. 7-24)
where:

k
w.h
CVX_ =

- n
k
S
i=l

w = effective seismic weight at the level

(ASCE 41-13 Eq. 7-25)

h = height of level above the base
k =1.0since 7<0.5 seconds
The resulting pseudo seismic force at each level and the 25% of the seismic

forces resisted by the wall being evaluated, as given in the problem
statement, are summarized in Table 4-3 and Table 4-4.

Table 4-3  BSE-2E Seismic Forces, Given V = 292 kips

w, (kips) h, (feet) w;h, (k-ft) Cux F, (kips) 0.25F, (kips) *
Roof 140 20 2,800 0.609 178 44.5
Second 180 10 1,800 0.391 114 28.5
Total 320 - 4,600 1.000 292 73.0

* Per problem statement in Section 4.6.1, 25% of the seismic forces are resisted by the wall being evaluated.

Table 4-4

BSE-1E Seismic Forces, Given V = 192 kips

w, (kips) h, (feet) w,h, (k-ft) (o F, (kips) 0.25F, (kips) *
Roof 140 20 2,800 0.609 117 29.2
Second 180 10 1,800 0.391 75 18.8
Total 320 - 4,600 1.000 192 48.0

* Per problem statement in Section 4.6.1, 25% of the seismic forces are resisted by the wall being evaluated.

Evaluate Shear Wall Strength at Each Level

This example focuses solely on evaluating the overturning on a shear wall;
however, to provide a more complete overview of an evaluation, this section
will also evaluate the shear wall shear strength at each level. The shear walls
are sheathed with plywood sheathing on one face and gypsum board on the
other. In accordance with ASCE 41-13 § 12.4.1, where dissimilar wall
sheathing may exist on opposite sides of a wall, the weaker sheathing is
ignored, and the shear is analyzed based solely on the sheathing with the
greater capacity. In this example, only the plywood sheathing is permitted to
be considered.

The shear wall shear strengths are evaluated as deformation-controlled
actions in accordance with ASCE 41-13 § 12.4.4.6.3. The acceptance criteria
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for components being evaluated for deformation-controlled actions using
linear analysis procedures are outlined in ASCE 41-13 § 7.5.2.2.1, as

follows:
mrQce > Qup (ASCE 41-13 Eq. 7-36)

where:

m = component capacity modification factor from ASCE 41-13
Table 12-3 for the entry “Wood structural panel sheathing or
siding” for Collapse Prevention Performance Level = 4.5 and
for Life Safety Performance Level = 3.8.

K = knowledge factor in accordance with ASCE 41-13 § 6.2.4,

which for this example, will be assumed equal to 1.0 as the
material strengths were determined based on existing
drawings and material test reports as indicated in the
problem statement.

Oce = The expected shear strength of the shear wall is determined
in accordance with ASCE 41-13 § 12.4.4.6.2 based on 1.5
times the load and resistance factor design shear wall
capacities in accordance with SDPWS-2008, Special Design
Provisions for Wind and Seismic Standard with Commentary
(AWC, 2008), Table 4.3A with a resistance factor, ¢, equal
to 1.0. Per Figure 4-11 and Section 4.6.1, the wall is
sheathed with 15/32-inch wood structural panels, Structural
I, with 10d at 6 inches on center edge nailing at the second
level and 10d at 4 inches on center edge nailing at the first
level. The nominal unit shear capacity per SDPWS-2008
Table 4.3A is 680 lb/ft for edge nailing at 6 inches on center
and 1,020 Ib/ft for edge nailing at 4 inches on center. The
shear wall length is 15 feet. The expected shear strength of
the shear walls are as follows:

Ockeven = 1.5(680 1b/ft)(15 ft)/1,000 Ib/kip = 15.3 kips
ce Leveln = 1.5(1,020 1b/ft)(15 £t)/1,000 Ib/kip = 23.0 kips
QOup = Qk = story shears per Table 4-3
Or Leven = Vieven = 44.5 kips
Or tevel1 = Vievenn = 73.0 kips

Check the shear strength of the shear walls for deformation-controlled action:

mxQce > Qup
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Useful Tip

When evaluating overturning
resisted by the stabilizing effects
of gravity loads alone per ASCE
41-13§7.2.8.1, ASCE41-13
Equation 7-6 will typically control
and result in less overturning
demand at each level than ASCE
41-13 Equation 7-5.

mrQck revez = 4.5(1.0)(15.3 kips) = 68.9 kips
68.9 kips > 44.5 kips, therefore, the shear at Level 2 is satisfactory
mrQck revet = 4.5(1.0)(23.0 kips) = 103.5 kips

103.5 kips > 73.0 kips, therefore, the shear at Level 1 is satisfactory

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2FE evaluation shown above since the reduction in the Level 2
shear from the BSE-2E to the BSE-1E level is 66% (29.2/44.5), which is
much less than the reduction of the m-factor from Collapse Prevention to
Life Safety of 84% (3.8/4.5).

4.6.4 Evaluation of Overturning and Strap at the Second Floor

The shear wall is evaluated to resist overturning effects caused by seismic
loads using the linear static procedure in accordance with ASCE 41-13

§ 7.2.8.1. The equations in this section evaluate the stabilizing effects due to
gravity loads alone to resist overturning. If gravity loads alone cannot resist
the overturning demands to satisfy these equations, then positive attachment
shall be provided and the attachment components evaluated as deformation-
controlled or force-controlled elements. In the case of wood connection and
connectors, in accordance with ASCE 41-13 § 12.3.3.1, connectors that link
wood-to-wood or wood-to-metal (i.e., nails) are considered deformation-
controlled elements, and the body of connection hardware (i.e., strap) is
considered a force-controlled element.

The example below will first evaluate the resistance to overturning by the
stabilizing effects of gravity loads alone, then if not satisfied, evaluate the
straps that provide overturning resistance at each end of the wall. The
BSE-2E Seismic Hazard Level and Collapse Prevention Performance Level
will be evaluated first as that typically governs the evaluation. The BSE-1E
Seismic Hazard Level and Life Safety Performance Level will be checked at
the end of each subsection.

4.6.4.1 Overturning Resisted by the Stabilizing Effects of
Gravity Loads Alone at the Second Floor

ASCE 41-13 § 7.2.8.1 permits two separate approaches to evaluate
overturning, a standard approach and an alternate approach. The standard
approach evaluates overturning as a force-controlled action and attempts to
limit uplift and inelastic deformation by reducing the overturning demand
with the J-factor and is defined in ASCE 41-13 Equation 7-5. The alternate
approach evaluates overturning similar to a deformation-controlled action by
reducing the overturning demand with a ductility factor, uor, which is
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typically much larger than the J-factor and may result in significant uplift
and inelastic deformation. The alternate method is defined in ASCE 41-13
Equation 7-6. Where the alternate method is used, it may result is significant
deformation and uplift between levels and the evaluation should consider the
deformation compatibility of the elements at that interface. The alternate
approach is comparable to the method used in ASCE 7-10 for new building
design.

The overturning resisted by the stabilizing effects of gravity loads alone are
evaluated per ASCE 41-13 § 7.2.8.1 with the standard approach, where the
seismic overturning moment, Mor, is resisted by the stabilizing moment due
to gravity loads, Msr. Note that ASCE 41-13 Equation 7-5 does not require a
0.9 factor to be applied to Msr, whereas, ASCE 41-13 Equation 7-6 does.

Msr> Mor/(CiCaJ) (ASCE 41-13 Eq. 7-5)
Mor = Froot hroot = (44.5 kips)(10 ft) = 445 kip-ft
Ci1Cy = 1.4 per Section 4.6.3 of this Guide

J = 2.0, per alternate method in ASCE 41-13 § 7.5.2.1.2(2) for
the High Seismicity Level. Utilizing a J = 2.0 requires
verification that the forces being delivered to the force-
controlled components are coming from yielding elements
(e.g., yielding shear wall or yielding diaphragm) and not
from elastic response of the system; otherwise, the loads to
the force-controlled components will be underestimated.
Hence, the last paragraph in ASCE 41-13 § 7.5.2.1.2
requires J = 1.0 if the components delivering the load will
remain elastic. In Sections 4.6.4 and 4.6.5 of this Guide, it is
demonstrated that the limit-state of shear wall yielding
governs, therefore a J = 2.0 may be assumed in this section.
If a full building assessment were performed, J should be
determined using the demand-capacity ratios of the
components.

Msr = OpL,2/2 =200 Ib/ft(15 f£)2/2(1,000 Ib/kip)
=22.5 kip-ft

Mor/(C1CyJ) = (445 kip-ft)/[(1.4)(2)] = 159 kip-ft
Msr = 22.5 kip-ft < Mor/(C1CyJ) = 159 kip-ft

Therefore, gravity alone does not resist seismic overturning using the
standard approach.
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BSE-1E Commentary: The BSE-1E evaluation would not govern over the
BSE-2FE evaluation shown above since the seismic overturning moment,
Mor, is larger for BSE-2E, and the resisting stabilizing moment due to
gravity loads, Msr, is the same for both evaluations.

The overturning moment resisted by the stabilizing effects of gravity loads
alone is evaluated using the alternate approach in ASCE 41-13 § 7.2.8.1.

0.9Msr > Mor/(CiCouior) (ASCE 41-13 Eq. 7-6)
tor = 10 for Collapse Prevention per ASCE 41-13 §
7.2.8.1

0.9Msr = 0.9(22.5 kip-ft) = 20.3 kip-ft
Mor/(CiCoptor) = (445 kip-ft)/[(1.4)(10)] = 31.8 kip-ft
20.3 kip-ft < 31.8 kip-ft

Therefore, gravity alone does not resist seismic overturning using the
alternate approach.

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2FE evaluation shown above since the reduction in the roof force,
F., from the BSE-2E to the BSE-1E level is 66% (29.2/44.5), which is
much less than the reduction of the overturning ductility factor, por, from
Collapse Prevention to Life Safety of 80% (8/10).

4.6.4.2 Stirap Providing Overturning Resistance

Since the requirements for resistance to overturning by the stabilizing effects
of gravity loads alone were not satisfied above, the straps that provide
overturning resistance at the ends of each wall are evaluated. The straps are
14 gauge x 1-1/4-inch wide with 13-10d nails each end of the strap (26 total
nails), see Figure 4-12. As indicated above, in accordance with ASCE 41-13
§ 12.3.3.1, the behavior of nail fasteners is considered deformation-
controlled actions, and the behavior of a metal strap is considered a force-
controlled action.
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2x stud
N Sheathing
13-10d nails,
typ. each end
L2
Rim joist
14 gauge x 174" )
metal strap
4x post

Figure 4-12 Detail of hold-down strap at second floor.

4.6.4.3 Nails in Strap

The acceptance criteria for nails being evaluated for deformation-controlled
actions using linear analysis procedures are outlined in ASCE 41-13
§7.5.2.2.1, as follows:

mxQce > Qup (ASCE 41-13 Eq. 7-36)
where:

m = component capacity modification factor from ASCE 41-13
Table 12-3 for the entry “Nails — 8d and larger — metal to
wood” for Collapse Prevention Performance Level = 6.0

x =knowledge factor in accordance with ASCE 41-13 § 6.2.4,
which for this example, will be assumed equal to 1.0 as the
material strengths were determined based on existing drawings
and material test reports as indicated in the problem statement

QOce= expected component strength per ASCE 41-13 § 12.3.2.2.1 is
permitted to be calculated based on 1.5 times the load and
resistance factor design procedures in ANSI/AWC NDS-2012,
National Design Specification for Wood Construction (AWC,
2012) with a resistance factor, ¢, taken equal to 1.0

Z =119 Ibs per NDS-2012 Table 11P for Douglas Fir-Larch, 14
gauge side plate, and 10d common nail

Z'per NDS-2012 Table 10.3.1: All adjustment factors = 1.0
and Kr=3.32. Per NDS-2012 Appendix N, 4 = 1.0 for load
combinations with seismic.
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7' = ZKp2 = 119 1b(3.32)(1.0)(1.0) = 395 Ib
Oce= 1.5Z'(# of nails) = 1.5(395 1b)(13)/1000 Ib/kip = 7.70 kips

Qup is the combination of gravity and seismic loads, as follows:
Useful Tip
The load combinafions in ASCE Quo= Qo + Ot (ASCE 41-13 Eq. 7-34)
4],']3 do not contain a verficl where, per the load combinations in ASCE 41-13 § 7.2.2:
seismic component when
evaluating elements, such as 06 =1.1(Op+ O+ Os) (ASCE 41-13 Eq. 7-1)
0.25,, commonly used for the
design of new buildings within and:
ASCE 7-10, except as specifically B
required in ASCE 41-13 §7.2.5.2 Oc =0.90p (ASCE 41-13 Eq. 7-2)
for cantilever elements or highly Or = Froor
stressed gravity load-carrying
elements. The governing gravity load case for overturning will be Qg= 0.90p.
Moments are summed about the centerline of the end stud of the shear wall at
the second floor level with the center-to-center post spacing of L; = 14 ft 10
¥ in. = 14.9 ft and length of wall of L,, = 15 ft per Figure 4-11, as follows:
> Moments:
LlQUD + 09QDLWL1/2 - Froofhroof =0
(14.9 ft)Qup + 0.9(200 Ib/ft)(15 ft)(14.9 ft)/2(1000 Ib/kip) — 44.5 kips(10
fty=0
Solving for Qup = 28.5 kips (demand on nails)
The nails in the strap are checked for deformation-controlled action:
mxQce > Qup
mrQcr = 6(1.0)(7.7 kips) = 46.2 kips
46.2 kips > 28.5 kips
Therefore, 13-10d nails at each end of the strap (26 total) are satisfactory.
BSE-1E Commentary: The BSE-1E evaluation has nearly the same
result as the BSE-2E evaluation shown above since the reduction in the
roof force, F, from the BSE-2F to the BSE-1E level is 66% (29.2
kips/44.5 kips), which is essentially the same as the reduction of the m-
factor from Collapse Prevention to Life Safety of 67% (4/6).
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4.6.44 Strap

The acceptance criteria for the straps being evaluated as force-controlled
actions using linear analysis procedures are outlined in ASCE 41-13
§7.5.2.2.2, as follows:

kQcL > Qur (ASCE 41-13 Eq. 7-37)

where:

x = knowledge factor per Section 4.6.4.3 of this Guide, equal to
1.0.

QOcr= lower-bound component strength per ASCE 41-13 § 12.3.2.3.2
and ASCE 41-13 § 12.2.2.5.2 is based on lower bound
strengths in accordance with ASCE 41-13 § 12.2.2.5 which is
equal to 0.85 times the expected strength calculated using load
and resistance factor design procedures in accordance with
AISI S213-07/S1-09 (AISI, 2009b) and AISI S100-07/S2-10
(AISI, 2009a) with a resistance factor, ¢, taken equal to 1.0.

Per AISI S100-07/S2-10 Section C2, the strap is checked for
yielding on the gross section in accordance with AISI
S100-07/S2-10 Equation C2-1 and rupture in net section in
accordance with AISI S100-07/S2-10 Equation C2-2.

14 gauge x 1-1/4-inch strap with 2 staggered rows of 10d nail
holes, £, = 50 ksi, F,, = 65 ksi. The strap thickness is 0.0685
inches and the holes in the strap are 5/32-inch (0.156) diameter
per the manufacturer’s evaluation report.

Strap yielding is checked per AISI S100-07/S2-10 Equation
C2-1 with ¢ = 1.0 and multiplying by 0.85 to convert to lower
bound strength.

=0.85T, = 0.854,F, = 0.85(0.0685 in.)(1.25 in.)(50 ksi) = 3.64
kips
Strap rupture is checked per AISI S100-07/S2-10 Equation
C2-2 with ¢ = 1.0 and multiplying by 0.85 to convert to lower
bound strength. Since the nail holes are staggered, only one
hole is included in the net area.

=0.85T7, = 0.854,F, = 0.85(0.0685 in.)(1.25 in. — 0.156 in.)
(65ksi)
=4.14 kips

Strap yielding governs, therefore Qc; is as follows:

QCL =3.64 kips
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The demand, Qur, on the strap is determined in accordance with
ASCE 41-13 § 7.5.2.1.2 and is the lesser of the following:

1. The demand using a limit-state analysis considering the expected
strength of the shear wall per ASCE 41-13 § 7.5.2.1.2(1).

2. The demand using the alternate method per ASCE 41-13
§ 7.5.2.1.2(2) in accordance with ASCE 41-13 Equation 7-35.

3. The demand using a limit-state analysis considering the expected
strength of the nails in the strap per ASCE 41-13 § 7.5.2.1.2(1).

The expected strength of the shear wall at the second story was determined in
Section 4.6.3 of this Guide.

Ock Leve = 1.5(680 1b/ft)(15 £t)/1000 Ib/kip = 15.3 kips

Compare the expected strength of the shear to the seismic force on the wall
using the alternate method in accordance with ASCE 41-13 § 7.5.2.1.2(2) per
ASCE 41-13 Equation 7-35. For this comparison, it is only necessary to
calculate the last term of this equation, as follows:

O _AASKIDS _ s o400 153 kips
cC,J  (1.4)(2)
QE = Froor =44.5 klpS
CiC, =1.4, per Section 4.6.3
J =2.0,per ASCE 41-13 § 7.5.2.1.2(2) for High Level of
Seismicity

The expected strength of the wall based on the procedure in ASCE 41-13

§ 12.4.4.6.2 is less than that computed with the alternate method; therefore,
the example will use the expected strength of the wall. Applying the load
combinations in ASCE 41-13 § 7.2.2 for gravity loads, the most critical load
combination for overturning is:

Oc =0.90p (ASCE 41-13 Eq. 7-2)
Summing moments about the corner of the shear wall at the second floor
level and solving for the strap force, Qur, is as follows:

> Moments:

LiQur+ 0.90pLL1/2 — Qcewafiroor =0

(14.9 ft)Qur + 0.9(200 Ib/f)(15 ft)(14.9 ££)/2(1000 Ib/kip) — 15.3 kips(10
ft)=0

Solving for Qur = 8.9 kips (demand on strap due to limit state of the
expected strength of the shear wall)
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The limit state based on the expected strength of the nails in the strap was
determined previously as Qcr = 7.7 kips. This is less than the demand based
on the limit state of the expected strength of the shear wall, and therefore
governs.

Qur= 1.7 kips
The strap is checked for force-controlled action:

kQcrL > Qur
kQcr = (1.0)(3.6 kips) = 3.6 kips
3.6 kips < 7.7 kips

Therefore, the strap is inadequate.

BSE-1E Commentary: The BSE-I1E evaluation would have the same
results as the BSE-2E evaluation shown above since the governing
demand on the strap would be unchanged since it was the limit state
based on the expected strength of the nails in the strap and the capacity
of the strap would also be unchanged as it is based on the lower bound
yield strength of the strap.

This example illustrates a key difference between the evaluation of existing
buildings in ASCE 41-13 and the design provisions for new buildings in
ASCE 7-10 as they relate to light-frame wood construction. ASCE 7-10 does
not require overturning straps in wood light-frame shear walls to be designed
for amplified seismic loads using the overstrength factor, £y, which can
result in the straps yielding and deforming. This would be similar to treating
the straps as deformation controlled in ASCE 41-13. However, ASCE 41-13
instead requires tensile loads on metal straps to be evaluated as a force-
controlled action, which requires them to remain essentially elastic. This
discrepancy between the two standards explains why straps and hold-down
devices in light-frame shear walls may often fail the ASCE 41-13 evaluation.

4.6.5 Overturning and Hold-Down at the First Floor

The shear wall will be evaluated to resist overturning effects caused by
seismic loads using the same method outlined in Section 4.6.4 above. The
connectors that link wood-to-wood or wood-to-metal are considered
deformation-controlled actions, and the body of connection hardware is
considered a force-controlled action.

The example below will first evaluate the resistance to overturning by the
stabilizing effects of gravity loads alone, then if not satisfied, evaluate the
hold-down and post that provide overturning resistance at each end of the
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wall. The BSE-2E Seismic Hazard Level and Collapse Prevention
Performance Level will be evaluated first as that typically governs the
evaluation. The BSE-1E Seismic Hazard Level and Life Safety Performance
Level will be checked at the end of the section.

4.6.5.1 Overturning Resisted by the Stabilizing Effects of
Gravity Loads Alone at the First Floor

The overturning resisted by the stabilizing effects of gravity loads alone are
evaluated per ASCE 41-13 § 7.2.8.1 using the standard approach, where the
seismic overturning moment, Mor, is resisted by the stabilizing moment due
to gravity loads, Msr. See the Section 4.6.4.1 of this Guide for a discussion
on the two approaches permitted in ASCE 41-13 § 7.2.8.1. For the purposes
of this example, only the weight of the superimposed floor and roof dead
loads are used to resist overturning; however, other sources of overturning
resistance, such as the weight or vertical shear capacity of return walls, may
be used.

Msr> Mor/(C1CyJ) (ASCE 41-13 Eq. 7-5)
where:

Mor = Froof (hroot + h2) + F2 hy = (44.5 kips)(10 ft +10 ft)
+(28.5 kips)(10 1)
— 1,180 kip-ft

Ci1Cy = 1.4 per Section 4.6.3 of this Guide

J = 2, per alternate method in ASCE 41-13 § 7.5.2.1.2(2) for
High Seismicity (see Section 4.6.4 of this Guide for
determination of Level of Seismicity)

Msr= OpL,2/2 = (200 Ib/ft + 300 Ib/ft)(15 f£)2/2(1000 Ib/kip)
= 56.3 kip-ft

Mor/(C1CaJ) = (1,180 kip-ft)/[(1.4)(2)] = 421 kip-ft

56.3 kip-ft < 421 kip-ft

Therefore, gravity alone does not resist seismic overturning using the
standard approach.

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2FE evaluation shown above since the seismic overturning
moment, Mor, is larger for the BSE-2FE level and the resisting stabilizing
moment due to gravity loads, Msr, is the same for both evaluations.

The overturning resisted by the stabilizing effects of gravity loads alone are
evaluated with the alternate approach in ASCE 41-13 § 7.2.8.1.
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0.9Msr > Mor/(CiCapton) (ASCE 41-13 Eq. 7-6)

tor =10 for Collapse Prevention per ASCE 41-13
§7.2.8.1

0.9Msr = 0.9(56.3 kip-ft) = 50.7 kip-ft
Mor/(CiCauor) = (1,180 kip-ft)/[(1.4)(10)] = 84.3 kip-ft
50.7 kip-ft < 84.3 kip-ft

Therefore, gravity alone does not resist seismic overturning using the
alternate approach.

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2E evaluation shown above since the reduction in the pseudo
seismic force, V, from the BSE-2E to the BSE-1E level is 66% (192/292),
which is much less than the reduction of the overturning ductility factor,
Lor, from Collapse Prevention to Life Safety of 80% (8/10).

4.6.5.2 Hold-Down Providing Overturning Resistance

Since the requirements for the resistance to overturning by the stabilizing
effects of gravity loads alone were not satisfied, the hold-down and post that
provide overturning resistance at the ends of each wall are evaluated. The
hold-downs are 7 gauge with three 7/8-inch diameter stud bolts and a 7/8-
inch anchor bolt, as shown in Figure 4-13. The post is a 4x6 Douglas Fir-
Larch in a 2x6 wall.

As indicated above, in accordance with ASCE 41-13 § 12.3.3.1, the bolt
fasteners to the wood post are considered deformation-controlled actions and
the hold-down body is considered a force-controlled action. As discussed in
ASCE 41-13 § C12.3.3, net section fracture of the hold-down post and tear-
out of the bolt group from the post are considered force-controlled actions.

4.6.5.3 Bolts in Hold-Down

The acceptance criteria for bolts being evaluated as deformation-controlled
actions using linear analysis procedures are outlined in ASCE 41-13
§7.522.1.

mrQce> Qup (ASCE 41-13 Eq. 7-36)
where:

m = Component capacity modification factor from ASCE 41-13
Table 12-3 for the entry “Machine Bolts—metal to wood”
for Collapse Prevention Performance Level = 3.3

x = Knowledge factor per Section 4.6.4.3 is equal to 1.0
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QOce= Expected component strength as discussed in Section
4.6.4.3
= 1.5Z' (# of bolts)

7' = ZuCKri

Zy = 1.93 kips per NDS-2012 online calculation tool for
Douglas Fir-Larch, 7-gauge side plate, and "/s-inch
diameter bolt (http:// www.awc.org/codes

-standards/calculators-software/connection calc)

All adjustment factors are 1.0 except C; = 0.98 per
NDS-2012 Table 10.3.6C and Kr= 3.32. Per NDS-
2012 Appendix N, A = 1.0 for load combinations
with seismic.
Z' =1.93 kips(0.98)(3.32)(1.0)(1.0) = 6.28 kips
= 1.5Z' (# of bolts) = 1.5(6.28 kips)(3) = 28.3 kips

Qup is the combination of gravity and seismic loads per Section 4.6.4.3.

114 ¢, of anchor bolt
2
3‘y2"
/ 4x6 post
» 3-7/8" diameter bolts
1 7 gauge metal
314" :”} hold-down
3% iiff]
636" } Sill plate
B e |l
i !
I PR N

Concrete
curb and
footing

Figure 4-13 Detail of hold-down to post
connection at foundation.

Moments are summed about the centerline of the end 4x post of the shear
wall at the first floor level with L, equal to the distance between the
centerline of the end 4% post to the center of the holdown anchor bolt per
Figure 4-11 as follows:

35in.  3.5in.  1.5in.
L,=15ft mn m M 4ft5-1/4in. = 144 ft

C2(12in/ft) 12in/ft 12in/ft
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L:Qup + 0.90pLywL/2 — Froof (Mroot + h2) — F2hy =0

3.5 in.
0.9(200 Ib/ft + 300 Ib/ft)(15 ft)(lS o> j
12 in /ft

(14.4 ft)Qup +

2(1000 Ib/kip)
—44.5 kips(10 ft + 10 ft) — (28.5 kips)(10 ft) =0

Solving yields Qup = 78.1 kips (demand on hold-down).
The bolts attaching hold-down to post are checked for deformation-
controlled action:

mxQce > Qup

mxQce = 3.3(1.0)(28.3 kips) = 93.4 kips

93.4 kips > 78.1 kips

Therefore, 3-7/8-inch diameter bolts are satisfactory.

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2E evaluation shown above since the reduction in the pseudo
seismic force, V, from the BSE-2E to the BSE-1E level is 66% (192
kips/292 kips), which is much less than the reduction of the m-factor
from Collapse Prevention to Life Safety of 85% (2.8/3.3).

4.6.5.4 Force-Controlled Components of the Hold-Down

The following components and connection checks for force-controlled
actions are evaluated using linear analysis procedures as outlined in ASCE
41-13§7.5.2.2.2:

e Body of the hold-down per ASCE 41-13 § 12.3.3.1
e Net section on the hold-down post per ASCE 41-13 § C12.3.3
e Tear-out of bolt group per ASCE 41-13 § C12.3.3
kQcL > Qur (ASCE 41-13 Eq. 7-37)

x = Knowledge factor per Section 4.6.4.3 of this Guide, equal to
1.0

QOcr= Lower-bound strength per ASCE 41-13 § 12.2.2.5 is equal to
0.85 times the expected strength

4.6.5.5 Lower-Bound Strength of Hold-Down Body

The lower-bound strength of the body of prefabricated hold-downs can be
determined a number of ways depending on the availability of
manufacturer’s test data of the device. The following are three common
approaches used:
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e  “Average ultimate test load” listed in an evaluation report or
catalog: When the “average ultimate test load” is listed for the hold-
down device, this value is typically derived from testing the hold-down
device on a steel jig. ASCE 41-13 § 12.2.2.5 permits the “average
ultimate test load” to equal the expected strength and requires that it be
further modified by multiplying by 0.85 to obtain the lower-bound
strength.

e  “Allowable steel strength” listed in an evaluation report performed
in accordance with ICC-ES AC 155, Acceptance Criteria for Hold-
downs (Tie-downs) Attached to Wood Members, (ICC-ES, 2015b):
Current hold-down devices are typically evaluated in accordance with
ICC-ES AC 155, which requires that hold-down devices be
independently tested to report the strength of the steel hold-down
separately from the assembly test that includes the wood post and
fasteners. The allowable steel strength value listed in the report is based
on allowable stress design. This value is derived from the ultimate test
value divided by a factor of safety of 2.5. If the allowable value is
reported, and the safety factor is known, then the allowable value is
multiplied by the factor of safety to determine expected strength. Then,
per ASCE 41-13 § 12.2.2.5, the expected strength is multiplied by 0.85
to obtain the lower-bound strength.

e Only “allowable tension loads” listed in an evaluation report or
manufacture’s literature: When the allowable tension load of the steel
body of the hold-down cannot be isolated from the other limit states that
determine the allowable tension capacity of a hold-down assembly, such
as wood fastener failure or deflection limits, then a different approach
must be taken as it is unknown what the governing limit state is for the
listed allowable tension load. In this case, when only the allowable
tension load is known for hold-downs and they employ fasteners in
accordance with the NDS-2012, then an approach is taken based on
conversion of published allowable values to load and resistance factor
design (LRFD) values in accordance with NDS-2012. The published
133% or 160% allowable tension values for the hold-down are divided
by 1.33 or 1.6, respectively, then multiplied by 3.32 (the format
conversion factor, Kr, applicable for connections) to obtain the load and
resistance factor design (LRFD) value with a ¢ = 1.0, which is the
expected strength. Then, per ASCE 41-13 § 12.2.2.5, the expected
strength is multiplied by 0.85 to obtain the lower-bound strength.

When it can be shown that the hold-down published allowable tension load is
based on the allowable design values per NDS-2012 for fasteners attaching
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the hold-down body to the wood post, then the hold-down body expected
strength is equal to or greater than that provided by the fasteners and the
expected strength of the hold-down body can be determined by multiplying
the expected strength determined above by an additional 1.5 in accordance
with ASCE 41-13 § 12.3.2.2.1.

For this example problem, the product is listed in a catalog with the “average
ultimate test load” indicated, so the default expected strength value will be
taken as the average ultimate test load per ASCE 41-13 § 12.2.2.5. The
average ultimate test value is indicated as 28.7 kips in the product catalog for
the 7 gauge x 3-7/8-inch diameter bolt hold-down.

Accordingly, Ocr = 0.85(28.7 kips) = 24.4 kips (hold-down body).

4.6.5.6 Lower-Bound Strength of Net Section on the Hold-Down
Post

The lower-bound strength per ASCE 41-13 § 12.3.2.3.1 and § 12.2.2.5 is
equal to 0.85 of the expected strength, which is calculated using load and
resistance factor design procedures in accordance with NDS-2012 with a
resistance factor, ¢, taken equal to 1.0. Net section of the hold-down post is
determined in accordance with NDS-2012 § E.2 at the hold-down bolts.

The hold-down has 3-7/8-inch diameter bolts spaced at 3-1/2 inches on
center with 6-3/16-inch end distance. The post is a 4x6 post with the hold-
down bolted on the wide face and the hole diameter for the bolts is 15/16
(0.938) inch. The post is Douglas Fir Larch No. 1.

The net section on the post is checked per NDS-2012 Equation E.2-1 with
¢ = 1.0 and by multiplying by 0.85 to convert to lower bound strength.

QOcr=0.85Znr’
where:
Zl, =F'4,
where:
F' = CrFiKrpA
where:

Cr = 1.2 per NDS-2012 Supplement Table 4A (all other
adjustment factors = 1.0)

F, =675 psi per NDS-2012 Supplement Table 4A
Kr =2.70 per NDS-2012 Table 4.3.1
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¢ =1.0 per NDS-2012 Table 4.3.1
A =1.0 per NDS-2012 Table N3
F' =1.2(675 psi)(2.70)(1.0)(1.0) = 2,187 psi
Anet = net section at bolt = (3.5 in.)(5.5 in. — 0.938 in.) = 16.0 in.?
Z\, =F'4,,= 2,187 psi(16.0 in.?)/1,000 Ib/kip = 35.0 kips
Ocr=0.85(35.0 kips) = 29.8 kips (net section on the hold-down post)

4.6.5.7 Lower-Bound Strength of Tear-Out of Bolt Group

The lower-bound strength for tear-out of the bolt group will be calculated
using the same requirements as for the net section on the hold-down post
except NDS-2012 Section E.3 will be used.

The tear-out of the single row of bolts attaching the hold-down to the post are
checked per NDS-2012 Equation E.3-2 with ¢ = 1.0 and multiplying by 0.85
to convert to lower bound strength.

Qct= 0.85Zrr’
where:
Zy = 1,85

where:

n;  =number of fasteners in row = 3

F' = CGFKrph

where:

Cy = 1.0 (all adjustment factors = 1.0)

F, =180 psi per NDS-2012 Supplement Table 4A

Kr=2.88 per NDS-2012 Table 4.3.1

¢ = 1.0 per NDS-2012 Table 4.3.1

A =1.0 per NDS-2012 Table N3
F' = CGF.Krpld=1.0(180 psi)(2.88)(1.0)(1.0) = 518 psi
t = thickness of wood post = 3.5 in

Seritical = Minimum spacing in row of bolts taken as lesser of end
distance or bolt spacing = 3.5 in

Z!

RTi

QOcr=0.85(19.0 kips) = 16.2 kips (tear-out of bolt group)

=nFls,.. . =3(518 psi)(3.5 in.)(3.5 in.)/1000 Ib/kip = 19.0 kips

critical
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4.6.5.8 Force-Controlled Components Not Being Evaluated in
Hold-Down Example

This example does not evaluate the following items that should be part of a
complete evaluation of the hold-down post:

e Crushing (compression perpendicular to grain) of the sill plate at post
ends

e Axial compression on the post

e Combined axial tension and moment due to the eccentricity of the hold-
down on the post

The evaluation of the effects of eccentric loading on the post due to the hold-
down eccentricity has been the subject of past research. The plywood edge
nailing to the post causes a stiffening effect that reduces the moment on the
post. A detailed study on this stiffening effect with design recommendations
for the hold-down post can be found in Pryor (2002).

4.6.5.9 Demand on Force-Controlled Components of the
Hold-Down

The demand, Qur, on the hold-down is determined in accordance with ASCE
41-13 § 7.5.2.1.2 and is the lesser of the following:

e The demand using a limit-state analysis considering the expected
strength of the shear wall per ASCE 41-13 § 7.5.2.1.2 Bullet (1).

e The demand using the alternate method per ASCE 41-13 § 7.5.2.1.2
Bullet (2) in accordance with ASCE 41-13 Equation 7-35.

e The demand using a limit-state analysis considering the expected
strength of the bolts in the hold-down per ASCE 41-13 § 7.5.2.1.2 Bullet

(1),

The expected strength of the shear wall at the first story was determined in
Section 4.6.3 of this Guide.

Ock Levenn = 1.5(1020 1b/ft)(15 £t)/1000 1b/kip = 23.0 kips

The expected strength of the shear wall is compared to the seismic force on
the wall using the alternate method in accordance with ASCE 41-13

§ 7.5.2.1.2 Bullet (2), Equation 7-35. For this comparison, it is only
necessary to calculate the last term of this equation, as follows:

Qp _ 73KiDS _ ey kins > 23.0 ki
CC  (L4)2) T TER

Or = Froot + F2=44.5 kips + 28.5 kips = 73 kips
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Ci1C>= 1.4, per Section 4.6.3 of this Guide

J  =2.0,per ASCE 41-13 § 7.5.2.1.2 Bullet (2) for High Level
of Seismicity

The expected strength of the wall is less than that computed with the
alternate method; therefore, the example will use the expected strength of the
wall. Applying the load combinations in ASCE 41-13 § 7.2.2 for gravity
loads, the most critical load combination for overturning is:

O¢ =0.90p (ASCE 41-13 Eq. 7-2)

The base shear based on the expected strength of the wall will be vertically
distributed to the levels depending on the relative demand-capacity ratios of
each story. If the demand-capacity ratio of the first story is larger than
second story, then the same distribution required by ASCE 41-13 § 7.4.1.3.2
as determined in Section 4.6.3 of this Guide will be used. This distribution is
conservative for evaluating overturning loads as the default linear static
procedure distribution results in an inverted triangular force distribution with
higher story forces in the upper levels. However, if the demand-capacity
ratio of the first story is less than the second story, then the distribution will
be modified to apply the expected second story shear wall strength as the
roof story force and the second floor story force will be the difference
between the second and first story walls expected strengths.

The story shears per Table 4-3 are 44.5 kips and 73 kips for the second and
first stories, respectively. The expected strengths of the walls per Section
4.6.3 of this Guide are 15.3 kips and 23 kips for the second and first stories,
respectively. The resulting demand-capacity ratios for each story are 2.9 and
3.2 for the second and first stories, respectively. Since the demand-capacity
ratio of the first story is larger than second story, then the lower story will
yield first, hence the same distribution required by ASCE 41-13 § 7.4.1.3.2
as determined in Section 4.6.3 of this Guide will be used, and is as follows.
The roof distribution is 0.609 of the base shear, and the second floor
distribution is 0.391 of the base shear, where the base shear is the expected
strength of the first story shear wall.

The moments are summed about the corner of the shear wall at the first floor
level and solved for the hold-down force, Qur, as follows:

L>Qur+ 0.90pL,.L/2 — 0.6090¢E Leveti oot — 0.391 0k Levetiia = 0

(14.4 ft)Qur + 0.9(200 Ib/ft + 300 Ib/ft)(15 ft)(14.7 £t)/2(1000 Ib/kip)
~0.609(23.0 kips)(10 ft + 10ft) — 0.391(23.0 kips)(10 ft) = 0
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Solving for Qur yields 22.3 kips (demand on forced-controlled hold-
down components due to limit state of expected strength of the shear
wall).

The limit state based on the expected strength of the hold-down bolts was
determined previously as Qcz = 28.3 kips. This is more than the demand
based on the limit state of the expected strength of the shear wall, and
therefore does not govern.

QUF: 22.3 klpS

4.6.5.10 Acceptance Criteria Summary of the Hold-Down
Components

The acceptance criteria for the force-controlled components of the hold-down
assembly are summarized as follows:

kQct > Qur= 22.3 kips (ASCE 41-13 Eq. 7-37)
xQcr kips = 1.0(24.4 kips) = 24.4 kips (hold-down body)
xkQcr kips = 1.0(29.8 kips) = 29.8 kips (net section on the hold-down
post)
xkQcr kips = 1.0(16.2 kips) = 16.2 kips (tear-out of bolt group)
24.4 kips > 22.3 kips, hold-down body is adequate
29.8 kips > 22.3 kips, net section on the hold-down post is adequate

16.2 kips < 22.3 kips, tear-out of bolt group is not adequate

Therefore, the hold-down components are not adequate due to the bolt tear-
out.

BSE-1E Commentary: The BSE-I1E evaluation would have the same
results as the BSE-2FE evaluation shown above since the governing
demand on the hold-down components would be unchanged since it was
the limit state based on the expected strength of the shear wall and the
capacity of the hold-down components would also be unchanged as they
are based on their lower bound yield strength.

This example illustrated a key difference between the evaluation of existing
buildings in ASCE 41-13 and the design provisions for new buildings in
ASCE 7-10 as it relates to light-frame wood construction overturning
resistance, which is discussed in greater detail in the last paragraph of
Section 4.6.4.4 of this Guide.
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4.6.6 Hold-Down Anchor-to-Footing Connection

The hold-down anchor rod and its connection to the concrete footing are
evaluated as force-controlled components per ASCE 41-13 § 10.3.6.1 where
the lower bound strength equals the anchor strength in accordance with ACI
318-11, Building Code Requirements for Structural Concrete (ACI, 2011),
Section D.3.3.4.4 with ¢ = 1.0.

The evaluation of the anchor and the connection shall satisfy one of the
design options stipulated in ACI 318-11 Section D.3.3.4.3. Where the design
option in ACI 318-11 Section D.3.3.4.3 Bullet (b) is used to demonstrate a
ductile yield mechanism, the applied load, Qur, is based the maximum action
that can be developed with a limit-state analysis using the expected strength
of the component delivering the load in accordance with ASCE 41-13

§ 7.5.2.1.2(1). Example limit states are: the expected shear wall in-plane
strength, foundation rocking, and hold-down-to-post fasteners. When the
design option in ACI 318-11 Section D.3.3.4.3 Bullet (d) is used, the
maximum design load is taken as Qur calculated in in accordance with ASCE
41-13 § 7.5.2.1.2, and no further amplification is required as Qur is
considered to be equivalent to £oF loads stipulated in this section.

This example does not provide a detailed evaluation of the hold-down anchor
and anchor connection in accordance with ACI 318-11. The tilt-up concrete
example in Chapter 6 of this Guide provides a detailed concrete anchor
example in accordance with ASCE 41-13 and ACI 318-11.

4.6.7 Overturning at the Foundation-Soil Interface

The foundation-soil interface will be evaluated to resist overturning effects
caused by seismic loads per ASCE 41-13 Chapter 8 as indicated in ASCE
41-13 § 7.2.8. As with most low-rise wood framed buildings, the
foundations are shallow spread footings, and the foundation flexibility is not
included in the base computer model or seismic force-resisting analysis.
Instead, the base of the building is considered fixed, and the foundations are
assumed to be rigid. With this common approach, the foundation
overturning analysis is performed in accordance with ASCE 41-13 § 8.4.2.3
Shallow Footings Considered Rigid (Method 1) and the acceptance criteria
are per ASCE 41-13 § 8.4.2.3.2.1 for the fixed base analysis. See Chapter 5
of this Guide for a detailed discussion and application of ASCE 41-13 for the
different foundation design and analysis methods. This section will only
evaluate the overturning at the foundation-soil interface and will not evaluate
the strength of the footing or sliding at the foundation-soil interface which
would be required for a complete evaluation.
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The foundation supporting the shear wall is 20 feet long by 3 feet wide with a
1 foot high curb. The allowable bearing pressure, gaiow, indicated on the
existing building drawings for dead load plus live load is 2,500 psf.

Figure 4-14 shown below illustrates the geometry and loading on the
foundation. The Qr values shown are for the BSE-2E seismic hazard for the
Collapse Prevention assessment.

ot 7

AR\

Figure 4-14 [sometric of two-story wood frame shear wall
foundation.

Per ASCE § 8.4.2.3.2.1, the foundation soil is classified as deformation
controlled and the m-factors for Life Safety and Collapse Prevention are 3.0
and 4.0, respectively. This section also permits the use of upper-bound soil
capacities, which are equal to two times the expected bearing capacity, ¢,
per ASCE 41-13 § 8.4.2, and the expected bearing capacity is equal to three
times the allowable bearing pressure, Gaiow, per ASCE 41-13 § 8.4.1.1 Bullet
1. The allowable bearing pressure, gaiow, 1S that specified for gravity load
design (dead plus live loads) and does not include any allowable increase for
short-term loading. The acceptance criteria are per ASCE 41-13 § 7.5.2.2.
The component forces are calculated in accordance with ASCE 41-13
§7.5.2.1.1.

Qup is the combination of gravity and seismic loads, as follows:
Qup =06+ Ok (ASCE 41-13 Eq. 7-34)

where, per the load combinations in ASCE 41-13 § 7.2.2, the most
critical load combination for overturning is
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Useful Ti

When performing a fixed based
rigid foundation analysis, as
customarily done for the design
of foundations supporfing wood-
framed structures, the acceptance
criteria for evaluating
overturning at the footing-soil
interface in ASCE 41-13 §
8.4.2.3.2.1 permit the use of
upper-hound soil capacities that
are two fimes the expected
bearing capacity. With the
expected bearing capacity being
equal fo three times the allowable
bearing pressure, this results in
the upper-bound soil bearing
capacity being equal fo six fimes
the allowable bearing pressure.

See Chapter 5 of this Guide for
further discussion on the
evaluation of foundations and the
other modeling methods and
their respective acceptance
criteria.

Oc =0.90p

The vertical load on the soil due to dead load includes the superimposed

(ASCE 41-13 Eq. 7-2)

gravity load at each level, the weight of the foundation and stem wall/curb,
and superimposed soil (120 Ib/cf) and slab above the top of the foundation
(for simplicity, the example will assume 6 inches of soil only above the
footing). For the purposes of this example, the weight of the wood frame
wall and larger tributary gravity loading on the footing at the ground level
from the slab-on-grade have been ignored. Other vertical loads, such as
vertical shear capacity of return walls and foundations, may be used to resist
overturning, but have not been used in this example.

P = QD
= [(15 £t)(200 Ib/ft + 300 Ib/ft) + (20 ft)(3 fr)(1.5 f)(150 1b/ft%)
+ (15 f1)(0.5 fo)(1 fo)(150 Ib/£E3) + (20 fr)(3 £1)(0.5 ft)(120 1b/f)]
/1000 1b/kip

= 25.7 kips
The overturning moment, Mor, will be taken about the bottom of the footing.
Mor =44.5 kips(10 ft + 10 ft + 1 ft + 1.5 ft) + 28.5 kips(10 ft + 1 ft
+ 1.5 ft) = 1,358 kip-ft
The expected bearing capacity, g., per ASCE 41-13 § 8.4.1.1 Bullet (1) is:
qe = 3qanow = 3(2,500 pst/1000 Ib/kip) = 7.5 ksf (ASCE 41-13 Eq. 8-1)

The critical contact area, A, is determined per ASCE 41-13 § 8.4.2.3. As
indicated earlier in this section, the acceptance criteria in ASCE 41-13

§ 8.4.2.3.2.1 for a fixed base rigid foundation analysis permit the use of the
upper-bound soil capacity which is equal to two times the expected bearing
capacity, g.. The example applies the upper-bound soil capacity, 2¢., in the
calculation of 4., as follows:

A. = Pl2g.= (25.7 kips)/(2)(7.5 ksf) = 1.7 ft?
The length, L., of the critical contact area is:

Lo =AJB=(17f))/3 ft)=0.6 ft

The resisting moment, Mp, is derived from the expected moment capacity,
M., as follows:

M :z( _ij
2 q.

and by substituting the following equations into ASCE 41-13 Eq. 8-10:

(ASCE 41-13 Eq. 8-10)
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P

= —— = vertical bearing pressure
q BL gp
Iy
P . . .
qc = B = expected bearing capacity derived from 4.

f

P =0.9P since Q= 0.90p
after the algebraic substitution, the resulting formula is:

My = 0.91{% —%j =0.9(25.7 kips)(%—%ﬂ) = 224 kip-ft

The overturning at the soil-foundation interface is checked for deformation-
controlled action per ASCE 41-13 § 7.5.2.2.1. The knowledge factor, «,
equals 1.0 since gaiow Was taken from existing building drawings.

I’HKQCE > QUD, where QCE: Mpz and QUD = Mor
micMz= (4.0)(1.0)(224 kip-ft) = 896 kip-ft
896 kip-ft < 1,358 kip-ft

Therefore, foundation size is inadequate for overturning.

BSE-1E Commentary: The BSE-1E evaluation would not govern over
the BSE-2FE evaluation shown above since the reduction in the pseudo
seismic force, V, from the BSE-2E to the BSE-1E level is 66% (192/292),
which is less than the reduction of the m-factor from Collapse Prevention
to Life Safety of 75% (3/4).

The provisions in ASCE 41-13 for foundation overturning, where foundation
flexibility is not included in the analysis of the structure (period, force
distribution, etc.), are generally conservative. If the overturning on the
foundation-soil interface were reevaluated with loads derived from a model
that included foundation flexibility, then the provisions in ASCE 41-13

§ 8.4.2.3.2.2 would be permitted with the m-factors from ASCE 41-13 Table
8-3. These m-factors can be significantly higher than those for the equivalent
fixed-based analysis in ASCE 41-13 § 8.4.2.3.2.1. However, modelling of a
wood framed building to include foundation flexibility is not commonly
done, especially for flexible diaphragm buildings often computed with hand
calculations.

Another approach in evaluating the overturning at the foundation-soil
interface is to use limit-state analysis to limit the overturning demand. In
Section 4.6.5.9 of this Guide, the expected strength of the shear wall, QOce,
was determined to be 23 kips. This was distributed to the roof and floor level
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Example Summary
Performance Objective: BPOE

Location: Oakland, California
Level of Seismicity: High
Risk Category: I
Reference Document:

™S 402-11

based on the elastic distribution, which resulted in the roof distribution being
0.609 of Qck, and the second floor distribution being 0.391 of Qce.

The revised overturning moment, Mor, based on the expected strength of the
wall is as follows:

Mor = (0.609)(23 kips)(10 ft + 10 ft + 1 ft + 1.5 ft)
+(0.391)(23 kips)(10 ft + 1 ft + 1.5 ft) = 428 kip-ft

The resisting moment, Mg, is unchanged and is 224 kip-ft. Since the
resisting moment is less than the overturning due to the expected capacity of
the wall (224 kip-ft < 428 kip-ft), foundation rocking mechanism will
control. Note that an m-factor is not applied to the resisting moment in this
case since we are assessing which mechanism will control. As indicated
above, the foundation size is inadequate for overturning. The foundation
would need to be rehabilitated or a more detailed analysis using a flexible
base model will need to be performed where higher m-factors are permitted.

4.7 Out-of-Plane Strength of Walls (ASCE 41-13 § 7.2.11.2)

Walls are required to have adequate out-of-plane strength to resist horizontal
seismic inertial loads to span between points of support to prevent walls from
becoming unstable. This is most critical for buildings with heavy walls
constructed of masonry or concrete since the seismic load will typically
govern over the wind loading in areas of high seismicity. The provisions in
ASCE 41-13 § 7.2.11.2 require different forces depending on the Structural
Performance Level being sought. When evaluating a building for the typical
two-level assessment, both Performance Levels and the respective Seismic
Hazard Levels are required to be evaluated, and the most stringent result
governs.

Although this section focuses on the out-of-plane strength of masonry and
concrete walls, the more problematic deficiency in these types of structures is
the anchorage of the wall and the development of that anchorage into the
supporting diaphragms. This topic is discussed in detail in the tilt-up
example in Chapter 6 of this Guide.

4.7.1 Overview

This example illustrates the procedure and calculations to check the out-of-
plane wall strength of a one-story reinforced concrete masonry bearing wall
in accordance with ASCE 41-13 § 7.2.11.2 and ASCE 41-13 § 11.3.5. See

Figure 4-15.
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The example will also illustrate the procedure and calculations to check the
out-of-plane strength of the parapet in accordance with ASCE 41-13 § 13.6.5
treating the parapet as an architectural component.

This example problem analyzes a reinforced masonry wall. For an example
application of out-of-plane stability for unreinforced masonry (URM) walls,
see the full URM building example in Chapter 12 of this Guide.

This example illustrates the Tier 3 procedure that requires a two-level
assessment, though this building would qualify for the Tier 2 procedure and
require only a single-level assessment to the BSE-1E Seismic Hazard Level.
Per ASCE 41-13 Table 2-1 for Risk Category II, for the Tier 3 procedure, the
Structural Performance Levels required to be evaluated are Life Safety at the
BSE-1E Seismic Hazard Level and Collapse Prevention at the BSE-2E
Seismic Hazard Level. This requires a dual evaluation of the wall to be
computed for both the Life Safety and Collapse Prevention Performance
Levels for the BSE-1E and BSE-2E Seismic Hazard Levels, respectively.

Po = 80 Ibs/t| ] -

7| PL=80 bsifgl ] —
% AR >
4x ledger J |
. g8"CMU R
D wall " Fo
o >
N

Y

Y

Y

Y

Figure 4-15 Out-of-plane loading on
CMU bearing wall.

The analysis of the masonry wall will be performed on a representative
1-foot width of wall length, assuming a uniformly distributed out-of-plane
load and no openings in the vicinity of the section being checked.

The following information is given:
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e Basic Performance Objective for Existing Buildings (BPOE)
e Risk Category II

e Location: Oakland, California

e Site Class D

e 8-inch nominal concrete masonry wall

e Medium-weight masonry, fully grouted

e Vertical reinforcement = #4 at 16 inches on center at centerline of wall
(4s=0.15 in.%/ft)

e Existing construction documents and material test reports provide the
following nominal strengths which are in turn used as the lower bound
material strengths:

o Masonry compressive strength, 1’ .= 1,500 psi
o Reinforcing steel yield strength, £, = 60,000 psi

o Type S mortar
4.7.2 Determine the Speciral Response Acceleration Parameters

The out-of-plane force calculation in ASCE 41-13 § 7.2.11.2 requires the
parameter spectral response acceleration at short periods for the selected
Seismic Hazard Level and damping, Sxs, to be adjusted for site class. This
parameter will need to be determined for both the BSE-1E and BSE-2E
Seismic Hazard Levels using the online tools described in Chapter 3 of this
Guide. It should be noted that at this site, located in Oakland, California,
both the BSE-2E and the BSE-1E seismic hazards are capped by the BSE-2N
and the BSE-1N seismic hazards, respectively, meaning that the BPOE is the
same as the BPON. These parameters are as follows:

Syxs sse-2 = 1.699¢g
Sxssse-1E = 1.133¢g
4.7.3 Calculate the Out-of-Plane Wall Force per Unit Areq, F,

The provisions for the evaluation of out-of-plane seismic loads for masonry
walls are contained in both ASCE 41-13 § 7.2.11.2 and § 11.3.5. The out-of-
plane seismic forces are determined in ASCE 41-13 § 7.2.11.2, while the
strength and acceptance criteria are contained in ASCE 41-13 § 11.3.5. The
out-of-plane seismic loads will be computed for both the Life Safety and
Collapse Prevention Performance Levels for the BSE-1E and BSE-2E
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Seismic Hazard Levels, respectively, and the most severe loading will
govern. The out-of-plane force is determined as follows:

F, =0.4SxsyW, (ASCE 41-13 Eq. 7-13)

F, shall not be less than 0.1y, (ASCE 41-13 Eq. 7-14); however, this will
not govern in areas of High Seismicity.

The unit weight of the wall, W, for solid grouted medium weight masonry is
78 psf per Table 3.3.2 of the 2012 Design of Reinforced Masonry Structures
(CMACN, 2012).

The factor, y, is determined per ASCE 41-13 Table 7-2, depending on the
Structural Performance Level.

x = 1.3 for Life Safety for BSE-1E

x = 1.0 for Collapse Prevention for BSE-2E
Fopseie =0.4(1.133g)(1.3)(78 psf) = 46 psf
Fppse28 = 0.4(1.699g)(1.0)(78 psf) = 53 psf (governs)

The BSE-2E Collapse Prevention loading is more severe and governs the
out-of-plane wall design at this site. This is the case when the ratio of Sxs of
the BSE-2E to the BSE-1E seismic hazard levels is larger than the ratio of
the y factor for Life Safety to Collapse Prevention of 1.3.

4.7.4 Acceptance Criteria for the Out-of-Plane Masonry Wall
Design

The acceptance criteria for the out-of-plane masonry wall design stipulated in
ASCE 41-13 § 11.3.5.3 and § 7.2.11 require the walls to be considered force-
controlled actions. When evaluating the behavior of force-controlled actions,
ASCE 41-13 § 7.5.1.3 requires that the lower-bound component strengths,
QOcr, be used. Per ASCE 41-13 § 11.3, the lower-bound strength of masonry
walls is permitted to be calculated based on the strength design procedures in
TMS 402-11, Building Code Requirements and Specification for Masonry
Structures and Related Commentaries (TMS, 2011), with a strength
reduction factor, ¢, taken equal to 1.0.

The acceptance criteria for force-controlled actions using linear analysis
procedures are outlined in ASCE 41-13 § 7.5.2.1.2. This section is intended
to be applicable to components that are resisting the pseudo seismic forces
from ASCE 41-13 § 7.4.1.3, and is not applicable to F), forces from ASCE
41-13 § 7.2.11, so the C;, (3, or J factors in ASCE 41-13 § 7.5.2.1.2 should
not be applied to the F), forces. The acceptance criteria for force-controlled
actions with F}, forces should be as follows per ASCE 41-13 § 7.5.2.2.2:

ASCE 41-17 Revision

The x factor in ASCE 41-13 Table
7-2 was calibrated to provide
force demands in the BSE-1N,
which, when checked against the
wall or anchor lower-hound
capacity, would provide similar
results as the out-of-plane
anchorage force equation found
in ASCE 7 for its Design
Earthquake. It was found that
the x factors were providing too
conservative demands for the
Collapse Prevention limit in the
anchorage equation and for all
equations for the body of the wall
and were recalibrated in ASCE
41-17.
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kQcL > Qur (ASCE 41-13 Eq. 7-37)

x is the knowledge factor in accordance with ASCE 41-13 § 6.2.4, which for
this example, will be assumed equal to 1.0 as the material strengths were
determined based on existing drawings and material test reports as indicated
in the problem statement.

Qur is the combination of gravity and seismic loads, as follows:
Qur = Q6+ Ok (ASCE 41-13 Eq. 7-35)

where, per the load combinations in ASCE 41-13 § 7.2.2:

Oc =1.1(Op+ 0L+ Os) (ASCE 41-13 Eq. 7-1)
and:

Oc =0.90p (ASCE 41-13 Eq. 7-2)
O =F,

These loads can be combined into two load cases for the out-of-plane
evaluation of the masonry wall, as follows:

Qur = 1.(Qp + Q1+ Qs) £ F)
QOur =090p £ F,

4.7.5 Calculate the Out-of-Plane Masonry Wall Capacity

The out-of-plane capacity of the masonry wall will be calculated using TMS
402-11. As indicated in the previous section, the design will utilize the
strength design method with ¢ equal to 1.0.

Per ASCE 41-13 § 11.3.5.2, second-order moments caused by out-of-plane
deflections shall be evaluated since the height-to-thickness ratio of the wall
exceeds 20. When determining height-to-thickness ratio, TMS 402-11
Section 3.3.5.3 indicates using the nominal thickness of masonry and not the
actual thickness. ASCE 41-13 is not specific, so the TMS 402-11 approach
is used.

h/t = (20 ft x12 in./ft)/8 in. = 30 > 20

The design below conservatively assumes a simple span from the grade level
to the roof and ignores any reduction in the wall moment due to the back-
span of the parapet above the roof level or any fixity provided by the
foundation. This simplifies the analysis and aligns with the simple span
equations in TMS 402-11 Section 3.3.5.
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The calculations below will only check the load combination with 90 percent
of the dead load as this will be the most critical case for this wall since the
eccentric roof loads are small as defined by P./4, and the vast majority of the
gravity load is from the wall self-weight. The load combination with 110
percent of the gravity load will result in a stronger wall as the increased
gravity load increases the moment capacity of the wall. While this is the case
for the wall configuration and loading in this example, the designer should
evaluate both load combinations if it is not apparent which will control,
especially where there are large superimposed loads at the roof level.

The superimposed dead load on the wall being applied at the ledger is as
follows:
0.90p,root = 0.9(80 1b/ft) = 72 Ib/ft

This load is being applied at the face of the ledger with an eccentricity equal
to half the wall thickness plus the 4x nominal ledger thickness:

e =35in.+7.63in/2=7.31in
The weight of the wall at the mid-height where the point of maximum
moment is assumed is as follows:
0.90pwan = 0.9[78 sf(10 ft + 3 ft)] =913 Ib/ft
F, =53 psf(See Section 4.7.3 of this Guide)
The maximum axial load stress in the wall is checked to ensure it is less than
the maximum permitted for slender walls per TMS 402-11 Section 3.3.5.3.

The A/t ratio of the wall (using nominal wall thickness) does not exceed 30,
therefore, the maximum axial stress shall not exceed 0.20 /' .

P4, < 0.20f)
P.JAg= (72 1b+ 913 1b)/(7.625 in.)(12 in./ft) = 11 psi
0.20 £, = 0.20(1,500 psi) = 300 psi
11 psi <300 psi, O.K.
The ultimate moment on the wall due to out-of-plane seismic forces and the

moment due to eccentric loading at roof are calculated, ignoring P-6
moments using TMS 402-11 Equation 3-26.

wh?

Qur= Qs =M,= =4 +13,f%“+}3,5 (TMS 402-11 Eq. 3-26)

7.3 in.

2 o
(5318)(208) o, 1b%+(72 Ib+913 1b)(0 ft)

=2650 Ib ft/ft + 22 b ft/ft + 0 Ib ft/ft = 2,672 1b ft/ft

FEMA P-2006 4: Analysis Procedures and
Acceptance Criteria

4-61



In order to calculate the out-of-plane deflection of the wall, it needs to be
determined if the wall is cracked or uncracked. The rupture strength of the
masonry, f,, is 163 psi from TMS 402-11 Table 3.1.8.2.

P
M.,= S 4+
(5+5)

n

. . 2
_ (12in)(7.63in)" [ bsi+ (72'1b+9131.b) ( 13 j
(12 1n.)(7.63 in.) J\12 in.

= 1,686 Ib ft/ft < 2,672 Ib ft/ft; therefore, wall is cracked.

The deflection calculation of a slender wall requires both the gross and
cracked moment of inertia to be determined per TMS 402-11 Section 3.3.5.5.

_ b’ _12in(7.63 in.)’

. = 444 in*/ft
12 12
t 3
I = n| A, +ii (d—c)2 erL (TMS 402-11 Eq. 3-31)
- f,2d 3
where:

_ E, _29,000,000 psi _,,

E,  900(1500 psi)

Af,+F,
c =— (TMS 402-11 Eq. 3-32)
0.641'b

_ 0.15 in/ft(60,000 psi) + (72 Ib/fi + 913 1b/ft) _ oo
0.64(1500 psi)12 in./fi o

(72 Ib/ft+913 Ib/ft)  7.63 in.
60,000 psi 2(7.63 in.j

2
2 . . 3
i 12 1n.(0.87 1n.
{(7.6; 1n.)_0.87 in} L 12in ( in.)

21.5/0.15 in.> /ft +

3
=34 in.Y/ft

The deflection calculation process for out-of-plane loading on slender
masonry walls is an iterative process using TMS 402-11 Equation 3-30.
However, a closed-form direct solution has been developed as shown in
Equation 4.5.16 of 2012 Design of Reinforced Masonry Structures as
follows.
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P
M_‘_Le _Mcr l—i
g8 2 1,

51,4 =
48EI?IICI”
(R Ry)
. 2 . .4
53 psf (20 ft.x12 in./ft) N 72 1b/ft(7.3 in.) _1686 Ib f/ft(12 in./f)| 1— 34 1P. 4/ft
8(12 in./ft) 2 444 in." /ft

48(900x 1,500 psi)34 in.* /ft
5(20 ftx12 in./ft)?

—(913 Ib/ft + 721b/ft)

=2.00 in.

Recalculate the ultimate moment in the wall including the P- effects.

2
Our= Q= M, = LA P, %u PS (TMS 402-11 Eq. 3-26)
_ 2.00 in.
= M, =2650 Ib ft/ft + 22 Ib ft/ft + (72 Ib/ft+913 lb/ft)( ‘ j
12 in./ft
=2650 Ib ft/ft + 22 1b ft/ft + 164 1b ft/ft = 2,836 Ib ft/ft
Calculate the lower-bound moment strength of the wall.
P
Oct = My = (AS [+ ?“j(d —gj
where:
F,
) Af, + E
0.8/'b
0.15 in 2 /ft(60,000 psi) + L2 1/t 913 1o/ft)
= 1.0 =0.69 in.

0.8(1500 psi)12 in.

72 Ib/ft + 913 Ib/ft
[0.15 in /£t(60,000 psi) + ( - )j

Myw =
7.63in.  0.69 in.) 1 ft
2 2 12 in.
=2,887 b ft/ft
The acceptance criteria per Section 4.7.4 of this Guide with x=1.0 is as
follows:
kQcL > Qur (ASCE 41-13 Eq. 7-37)

2,887 1b ft/ft > 2,836 b ft/ft, wall OK.

The maximum reinforcement ratio is determined in accordance with TMS
402-11 Section 3.3.3.5 using the following load combination.
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P =D +0.75L+0.5250x = 80 Ib/ft + 78 psf (10 ft + 3 ft) = 1,094 Ib/ft

D= 0.641' & P
e fy Ep TOE, fybd

0.64(1,500 psi) 0.0025
60,000 psi | 0.0025+1.5(0.00207)

= 1094 Ib/fi
(60,000 psi)(12 in./ft)(

7.63 in.j

=0.0067

The wall reinforcement ratio is

. 9
p, = A OB 6033 00067, OK

bd 12 in./ft)(7'63 1n.]

Note: This example does not check the wall deflection for serviceability, as
it is not required for the linear static procedure.

4.7.6 Check the Masonry Parapet for Out-of-Plane Seismic
Forces

Reinforced masonry parapets are evaluated as nonstructural components per
ASCE 41-13 § 13.6.5. Per ASCE 41-13 Table 2-1 for BPOE, Risk Category
II, the Nonstructural Performance Level is the Life Safety Nonstructural
Performance Level and need only be evaluated for the BSE-1E Seismic
Hazard Level.

Per ASCE 41-13 Table 13-1 for High Seismicity and the Life Safety
Nonstructural Performance Level, the parapets are required to be evaluated.
ASCE 41-13 § 13.6.5.1 requires reinforced masonry parapets with an aspect
ratio greater than 3.0 to be evaluated. The aspect ratio of the parapet in the
example is equal to 36 in./7.63 in. = 4.7.

Figure 4-16 illustrates the parapet geometry.

The out-of-plane seismic force on the parapet per ASCE 41-13 Equation 13-1
is shown below. The nonstructural component amplification factor, a,, and
response modification factor, R,, for cantilever parapets are per ASCE 41-13
Table 13-2 and are 2.5 and 2.5, respectively. Sxszsz-izis 1.133g per Section
4.7.2 above. I, is equal to 1.0 per ASCE 41-13 § 13.6.5.3.1. Since the
parapet is attached at the roof level, the factor x/# equals 1.0. W, is equal to
78 psf.
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Figure 4-16 Out-of-plane loading on CMU parapet.
2x
0.4apSXSWp(1+hj
F, = (ASCE 41-13 Eq. 13-1)
[P
0.4(2.5)(1.133g)(78 psf)| 1+ 2(1.0
_ 042901338 psD)[1+2(1L0)] _ o

(i)
1.0
F, maximum and minimum values are calculated per ASCE 41-13 Equations
13-2 and 13-3, respectively, to verify that F}, is bounded by these limits.
F, (max) = 1.6Sxsl,W, =1.6(1.133g)(1.0)(78 psf) = 141 psf
F, (min) = 0.3Sxs/,W,=0.3(1.133g)(1.0)(78 psf) = 27 psf
F, (min) <F, <F, (max)

27 psf < 106 psf < 141 psf

The F), seismic out-of-plane force is only applied over the height, £, of the
parapet. The moment at the base of the parapet is as follows:

wh® (106 psf)(3 ft)’
-

=477 ft Ib/ft

Myrp =

Calculate the axial load at the base of the parapet. The load combinations
stipulated in ASCE 41-13 § 13.4.3.3 are as follows:

Our = 1.2W, + Fp £ F, (ASCE 41-13 Eq. 13-7a)
Our =0.9W,—F,+F, (ASCE 41-13 Eq. 13-7b)

The vertical seismic force, F},,, per ASCE 41-13 § 13.4.3.2 is only required to
be used where specifically required in the acceptance criteria. The
acceptance criteria for parapets in ASCE 41-13 § 13.6.5.3.1 do not
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specifically require vertical seismic forces to be considered (such as is
required for appendages in ASCE 41-13 § 13.6.6.3.1).

Fp =0

As noted in Section 4.7.5 above, the load combination with the least gravity
load will result in the lowest out-of-plane wall strength.

Our =0.9W, — Fp = F,=0.9W,+ 0+ F,= 0.9%, + F,
0.9, = 0.9(78 psH)(3 ft) = 211 Ib/ft

ASCE 41-13 § 13.3 states, “Forces on bracing and connections for
nonstructural components calculated in accordance with Section 13.4 shall be
compared with capacities using strength design procedures.” It is assumed
that the lower-bound strength should be used in order to be consistent with
other sections of ASCE 41-13 that use F), forces, such as ASCE 41-13

§ 7.2.11. The lower-bound strength, QOc;, should be used with a strength
reduction factor, ¢, of 1.0.

The lower-bound moment strength of the wall is calculated as follows:

- Ellg_e
My = [Asfy+ ¢j(d 2)

where:

P
Af, += 0.15 in2/ft(60,000 psi) | C11Ib/it)

_ ¢ _ 10 _¢6din.
0.8/h 0.8(1500 psi)12 in./ft

211 Ib/f
[0.15 in.?/ft (60,000 psi) +(1—;’/t)J

Mn,lb =

[7:63in._0.64in.) 1ft
2 2 J12in,
= 2,683 Ib ft/ft

The acceptance criteria in ASCE 41-13 § 13.6.5.3.1 state that the parapet
shall be capable of resisting the F), seismic forces. The knowledge factor, ,
in ASCE 41-13 § 6.2.4 is only applicable to component capacities as
specified in ASCE 41-13 Chapter 7 and will not be applied when evaluating
nonstructural components in ASCE 41-13 Chapter 13.

Oct > Qur
2,683 1b ft/ft > 477 1b ft/ft,

Therefore, the parapet is OK.
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4.8 Nonstructural Components (ASCE 41-13 Chapter 13)
4.8.1 Introduction

Evaluation and retrofit of existing nonstructural elements, including
equipment anchorage, can be evaluated and, if necessary, retrofitted for
different Performance Levels. These include the Life Safety, Position
Retention or Operational Performance Levels (see ASCE 41-13 Table C2-5,
Table C2-6, and Table C2-7 for specific Performance Levels for
nonstructural elements). The requirements are accumulative as the
Operational Performance Level includes those that are required for Life
Safety and Position Retention.

ASCE 41-13 Chapter 13 goes through specific evaluation and acceptance
criteria for the Tier 3, Systematic Evaluation and Retrofit Procedure, for the
evaluation and retrofit of existing architectural, mechanical, and electrical
components and systems. For the Tier 1 Screening Procedure, nonstructural
components are addressed in ASCE 41-13 Chapter 4 and checklists in ASCE
41-13 Chapter 16. The Tier 2 Deficiency-Based Evaluation and Retrofit
Procedure is referenced in ASCE 41-13 Chapter 5.

For the Tier 3 systematic evaluation and retrofit procedure, ASCE 41-13
Table 13-1 lists the nonstructural components subject to the Life Safety and

Position Retention. Within this table, the requirements for the evaluation and

retrofit of these components are noted depending on the Level of Seismicity
and evaluation procedure used. For the Operational Performance Level, the
key issue for existing mechanical equipment is special certification per
ASCE 7-10 § 13.2.2.

This design example will go through the ASCE 41-13 Tier 1 and Tier 2
Evaluation and Deficiency-Based Retrofit and Tier 3 Systematic Evaluation
and Retrofit procedures for a rooftop mechanical unit in a Risk Category III
building utilizing the Basic Performance Objective for Existing Buildings
(BPOE). This example will focus on the Life Safety and Position Retention
Performance Levels. At the end of the example, there is a summary table
comparing the seismic design criteria per ASCE 7-10, ASCE 41-13, and
ASCE 41-17.

4.8.2 Evaluation and Retrofit Procedures

ASCE 41-13 Table 13-1 outlines the evaluation procedure for nonstructural
components depending on the nonstructural component, Level of Seismicity,
and Performance Level. The evaluation includes force and deformation
analysis or prescriptive procedures.

Useful Tip

The intent of ASCE 41-13 Chapter
13 is to evaluate existing
nonstructural elements. ASCE 7
should be used to address new
components.

Useful Tip

Operational Performance Level
special certification requirements
for existing mechanical
equipment are located in ASCE
7-10.
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Useful Ti

Vertical seismic forces apply
where specifically required per
ASCE41-13§13.6,§13.7, and
§13.8. For Architectural
Appendages and Marquees, ASCE
41-13 §13.6.6.3 is an example
where vertical seismic forces are
considered.

Example Summary
Performance Objective: BPOE

Risk Category: Ill
Location: Seattle, Washington
Level of Seismicity: High
Reference Document:

AISC Steel Construction Manual
14" Edition

e Force analysis
o Horizontal (ASCE 41-13 Equations 13-1, 13-2, and 13-3)
o Vertical (ASCE 41-13 Equation 13-7)
o Load combination (ASCE 41-13 Equations 13-7a and 13-7b)
e Deformation analysis (ASCE 41-13 Equation 13-8)
e Prescriptive (ASCE 41-13 § 13.4.2)

The force analysis procedure will be illustrated for an HVAC unit in the
following example.

4.8.3 Problem Statement

This example illustrates the procedures to evaluate and retrofit the anchorage
of a roof mounted HVAC unit to a concrete roof slab. The following
procedures and calculations are illustrated:

e Determine Performance Objective for HVAC anchorage (ASCE 41-13
§2.2.1 and Table 2-1)

e Evaluation requirements of the HVAC unit per ASCE 41-13 Tier 1
Nonstructural Checklist for heavy equipment (ASCE 41-13 § 2.2.1, § 4.4
and §16.17)

e Discuss applicability of ASCE 41-13 Tier 2 evaluation and retrofit
procedure for HVAC anchorage (ASCE 41-13 § 13.7.1)

e Tier 3 Systematic Evaluation and Retrofit (ASCE 41-13 § 13.1 and
§ 13.7)

e Determine applicability of Life Safety and Position Retention
requirements and method of analysis (ASCE 41-13 § Table 13-1)

e Condition assessment requirements (ASCE 41-13 §13.2.1 and § 13.2.2)
e Evaluation and retrofit procedures (ASCE 41-13 § 13.3 and § 13.4)
e Acceptance criteria (ASCE 41-13 § 13.3 and § 13.7)

For this example, the Basic Performance Objective for Existing Buildings

(BPOE) is the targeted performance. The building is a Risk Category III
structure and it is located in an area with a High Level of Seismicity.

Figure 4-17 through Figure 4-19 illustrate the configuration, geometry,
weight, and anchorage of the existing HVAC rooftop unit.
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Figure 4-17 HVAC unit plan.
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Figure 4-18 HVAC unit elevation.
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Figure 4-19 HVAC unit anchorage.

The following information is given.
e Location: Seattle, Washington

e Three-story steel structure with composite metal roof decking and light
weight concrete topping.

e Site Class D

e Level of Seismicity: High

e Sxs=0.691

e  Operating weight: 2,700 lbs

e Rooftop installation: Unit installed in 1995

e Anchorage: Six 1/2-in diameter expansion anchors with 4 inch
embedment.

o Steel yield strength: F), = 36 ksi
e Light weight concrete compressive strength: 4 ksi

e Internally isolated component. External support anchorage does not
require vibration isolation.

4.8.4 Determine Performance Objective and Level of Seismicity

ASCE 41-13 Table 2-1 defines required Structural and Nonstructural

Useful Ti Performance Levels for the BPOE. They vary depending on the building
Risk Category requirements for Risk Category and the type of evaluation. For Risk Category III buildings,

the Tier 1 Checklist are located in
ASCE 41-13 Table 2-1. Risk
Category requirements are not

the Position Retention Nonstructural Performance Level is required for Tier
1 and 2 Evaluations and also for Tier 3 Evaluation and Retrofit Procedures.

specifically addressed in ASCE For nonstructural elements, only one Seismic Hazard Level and Performance
41-13 Chapter 3 and Chapter 4. Level is required for a Tier 3 Systematic Evaluation and Retrofit.
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For this example, the Level of Seismicity is High as determined per ASCE
41-13 § 2.5. The Seismicity and Performance Level will be used in Tier 1
and 2 Evaluations to determine whether the nonstructural element is required
to be evaluated. The same is true for Tier 3 Systematic Evaluation and
Retrofit.

4.8.5 Tier 1 and 2 Evaluation and Tier 2 Deficiency-Based
Retrofit

Per ASCE 41-13 Table 2-1 and Table 4-7 for High Level of Seismicity, the
Position Retention Nonstructural Checklist will be used to evaluate the
HVAC unit. Note that ASCE 41-13 Table 4-7 does not address Risk
Category. Risk Category is addressed in ASCE 41-13 Table 2-1 and for this
example Position Retention Performance Level is required for nonstructural
components with the building being Risk Category III.

The applicable ASCE 41-13 § 16.17 checklist statement under Mechanical
and Electrical Equipment is as follows:

@NC N/A U LS-not required; PR-H HEAVY EQUIPMENT: Floor-
supported or platform-supported equipment weighing
more than 400 lbs is anchored to the structure.
(Commentary: Sec. A.7.12.10. Tier 2: 13.7.1 and
13.7.7)

2,700 Ib HVAC equipment anchored with (6) Y2-inch
expansion anchors embedded 4 inches.

For Life Safety Performance and High Seismicity, the anchorage of
mechanical equipment weighing more than 400 pounds is not required to be
checked. For this example, with the Position Retention Performance Level,
verification that anchorage is present is required. Some engineering
judgement is needed here, as there is no specific seismic force specified to
evaluate the anchorage. In general, some anchorage is better than none and
is considered compliant. The six 1/2-inch diameter expansion anchors are
compliant with this statement.

If no anchorage is found, the item is non-compliant. With no anchorage at
all there would be no Tier 2 Deficiency Based Evaluation. However, the
anchorage of the mechanical unit could be retrofitted using Tier 2
procedures. This would require providing anchorage complying with ASCE
41-13 § 13.7.1. A Tier 3 Systematic Evaluation and Retrofit has the same
requirements, as demonstrated later in this example.

Definition

In the Nonstructural Tier 1
checklists the letters LMH, MH

and H follow Life Safety (LS) or

Position Retention (PR) in each
checklist statement. These
indicate applicability of the

statement for different levels of

seismicity. L = Low,
M = Moderate, H = High.
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ASCE 41-17 Revision

ASCE 41-17 requires festing of
existing anchorage of
nonstructural elements to
concrete and masonry structures.

4.8.6 Tier 3 Systematic Evaluation and Retrofit

Tier 3 Systematic Evaluation and Retrofit is covered for nonstructural
components in ASCE 41-13 Chapter 13. In ASCE 41-13 § 13.2, there is a
seven-step procedure outlined that will be followed in this design example.

Step 1: Establish Performance Objective, Seismic Hazard Level, and
Level of Seismicity

The following information is provided in Section 4.8.3 of this Guide:

e BPOE Performance Objective

e Position Retention Performance Level (PR)

e BSE-1E Hazard Level

e High Seismicity

Step 2: Data Collection and Condition Assessment (ASCE 41-13 § 13.2.1)

For this example, there are drawings available of the existing structure, and a
detail on the drawings indicates that 1/2-inch diameter expansion anchors
were used, as shown in Figure 4-17 and Figure 4-19, to anchor the
mechanical unit to a lightweight concrete housekeeping pad. A site visit and
field verification are required to verify presence, configuration, and condition
of the mechanical unit curb and anchorage. The level of documentation and
variation from the documentation will determine the number of nonstructural
elements to be observed.

Testing of anchors is not specifically required by ASCE 41-13 § 13.2.1.
Testing requirements for anchors in concrete has been added in ASCE 41-17
and should be considered, as the actual embedment of the expansion anchors
cannot be determined by visual inspection.

Step 3: Analysis, Evaluation, and Retrofit Requirements (ASCE 41-13
Table 13.1)

In ASCE 41-13 Table 13-1, a “Yes” indicates that a retrofit is required if the
component does not meet the acceptance criteria. For our example under the
High Seismicity column, with Position Retention for a non-isolated
mechanical unit, there is a “Yes,” so evaluation of the HVAC anchorage is
required. If the HVAC unit were being evaluated for the Life Safety
Performance Level or for a lower Level of Seismicity, evaluation or retrofit
of the HVAC anchorage would not be required.
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Step 4: Interaction between Structural and Nonstructural Component
(ASCE 41-13 § 7.2.3.3)

The first step is to determine whether the element is considered structural or
nonstructural per ASCE 41-13 § 7.2.3.3. A mechanical unit would be
considered a nonstructural element as it has no contribution to the lateral
force-resisting system of the building. This step applies more to
nonstructural elements such as cladding that in some cases must be
considered as secondary structural elements in accordance with ASCE 41-13
§ 7.2.3.3. This consideration occurs when the lateral stiffness of the
nonstructural element is not negligible compared to that of the structural

elements.
Step 5: Classification of Nonstructural Component (ASCE 41-13 § 13.2)

Determine whether the nonstructural component is acceleration sensitive
(inertial loading), deformation sensitive (drift or deformation), or both. For
this example, per ASCE 41-13 § 13.7.1.2, mechanical equipment is
considered acceleration sensitive.

Step 6: Evaluation or Retrofit (ASCE 41-13 § 13.3, 13.4 and Table 13-1)

In ASCE 41-13 Table 13-1, the last column indicates the Evaluation
Procedure to use: F (Force), D (Deformation) or P (Prescriptive). For this
example, “F” or force evaluation procedure is required.

The equations for determining the seismic forces and load combinations are
presented in ASCE 41-13 § 13.4.3 and acceptance criteria are presented in
ASCE 41-13 § 13.7.1.1.

HVAC Horizontal Seismic Forces

0.4a,S W, (1 + 2};‘)

%)

F, (max) = 1.6 Sxsl,W,

F, = (ASCE 41-13 Eq. 13-1)

(ASCE 41-13 Eq. 13-2)
F, (min) = 0.3Sxsl,W, (ASCE 41-13 Eq. 13-3)
where:

x = h, HVAC Unit is located on roof

Commentary

ASCE 41-13 Equation 13-1 is
basically the same as ASCE 7 with
a different seismic hazard. For a
comparison of seismic design
forces for nonstructural
components between ASCE 41-13
and ASCE 7-10, see Section 4.8.7
of this Guide.

a =25 (ASCE 41-13 Table 13.2, internally isolated)
R, =2.0 (ASCE 41-13 Table 13.2, internally isolated)
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ASCE 41-17 Revision

ASCE 41-17 requires applying
vertical acceleration fo be in line
with ASCE 7.

Sxs = 0.691 from Section 4.8.3 of this Guide

I, =10 (ASCE 41-13 § 13.7.1.3.2)
_ 0.402.5)(0.691)(7,)(3)

2.0
&

= 1.04W,
= (1.04)(2,700) = 2800 Ibs
F, (max) = 1.6(0.691)(1.0)(W,)

=1.11W,

= (1.11)(2,700) = 2985 Ibs
F, (min) = 0.3(0.691)(1.0)(})
=0.21W,
= (0.21)(2,700) = 560 Ibs

F,

(ASCE 41-13 Eq. 13-1)

F), is greater than F,(min), 560 Ibs and less than F,(max), 2,985 lbs;
therefore, the horizontal seismic force is:

F, = 2,800 Ibs
HVAC Vertical Seismic Forces

Per ASCE 41-13 § 13.4.3.2, vertical seismic forces are only required where
specifically required by ASCE 41-13 § 13.6, § 13.7, and §13.8. For this
example, ASCE 41-13 § 13.7 does not specifically require that vertical
seismic forces be considered. This deviates from ASCE 7 where vertical
acceleration is considered.

Anchorage Seismic Forces

Figure 4-20 presents a schematic of the anchorage seismic forces.

F, =2,800 lbs
W, =2,700 lbs
H, =36 inches
D =54 inches

L =102 inches

For uplift along the long side of the mechanical unit, use load combination
ASCE 41-13 Equation 13.7b:

T = F,(H\)/D—-0.9W,/(2)
= (2,800 1bs)(36 in)/(54 in) — 0.9(2,700 1bs)/(2)
=652 Ibs (net uplift)
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773 bolts =217 lbs per bolt in tension
Uplift along the short side of the mechanical unit:
T =(2,800 Ibs)(36 in)/(104 in) — 0.9(2,700 lbs)/(2)
T =-246 1bs (no net uplift)
Dead load is greater than uplift; therefore, side anchors control.

Horizontal Shear per bolt
F,/6 bolts = 2,800 Ibs/6 bolts = 467 Ibs per bolt

Figure 4-20 Loading diagram for HVAC anchorage.
Prying Action on Angle

Per 2011 AISC Steel Construction Manual (AISC, 2011), Figure 4-21 shows
the prying action on HVAC support angle.

tmin = /;L]l; (2011 AISC Construction Manual Eq. 9-20a)
pr,

T =0.217 kips (tension load)

t  =3/16 inches for L6x3-1/2x3/16

b =225-1/2=2.25-(3/16)/2=2.16 inches
d, =0.50 inches (bolt diameter)

b' =b—dy?2 (2011 AISC Construction Manual Eq. 9-21)
=2.16 —0.5/2=1.91 inches
o =1.0
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p =2b=2x2.16=4.32inches (tributary width)

F, =58 ksi (minimum tensile strength for ASTM A36 angle
A 4(0.217)(1.91)
A (1)(4.32)(58)

=0.081 inches

tmin = 0.081 inches < ¢ = 0.1875 inches; therefore, prying action is
satisfied with angle and ¢ is considered negligible.

T=217 lbs T
z%u ‘L 1%||

¢, of vertical
{ angle leg

&
s
=2b

Figure 4-21 Loading diagram for prying action
on HVAC support angle.
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Anchor Capacity

There is a question, per ASCE 41-13, whether ©Q, should apply to the pseudo
seismic forces for the concrete anchors of nonstructural elements. As
background, when ASCE 41-13 was completed, ASCE 7-10, without
Supplement 1, was referenced (see ASCE 41-13 § 17.1) which at the time did
not include €y for nonstructural elements. €, for nonstructural elements was
added in the third printing of ASCE 7-10, which added Supplement 1, per
Table 16-6.1. So technically, for ASCE 41-13, when ACI 318-11 refers to
£, it is for structural applications, not nonstructural.

This has been updated in ASCE 41-17 where €, is specifically referenced for
concrete anchors of nonstructural elements. Based on this, engineering
judgement is being used apply £ to the pseudo seismic forces for this design
example to check the acceptability of the concrete anchors. €y is added to
the seismic force, not the net uplift force previously calculated.

Net uplift is determined based on applying £ to the pseudo seismic force.

From previous calculations.

Qo =2.5 per ASCE 7-10 Table 16-6.1

F, =2,800 lbs
W, =2,700 lbs
H, =36 inches
D =54 inches

L =102 inches
Uplift along the long side of the mechanical unit; therefore use load
combination ASCE 41-13 Equation 13.7b:

T = QF,(H1)/D—0.9W,/(2)
=(2.5)(2,800 1bs)(36 in)/(54 in) — 0.9(2,700 1bs)/(2)
= 3,450 Ibs (net uplift)

T/3 bolts = 1,150 Ibs per bolt in tension
Uplift along the short side of the mechanical unit:

T = (2.5)(2,800 1bs)(36 in)/(104 in) — 0.9(2,700 1bs)/(2)
=-1,208 Ibs

T/2 bolts = 604 1bs per bolt in tension

Horizontal shear per bolt:

QoF,/6 bolts = (2.5)(2,800) Ibs/6 bolts = 1,170 lbs per bolt

Useful Tip

See Section 2.2.2 of this Example
Application Guide for more
discussion on pseudo seismic
force.
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Using one of the several commercially available software tools for concrete
anchorage, the capacity of the existing 1/2-inch expansion anchors is
determined with the following loads and design parameters and with the
geometry and eccentricities shown in Figure 4-22. The anchorage is
evaluated as force-controlled using strength design, nominal material
properties and phi equal to 1.0.

Figure 4-22 Anchor loading diagram. Geometry (in) and loading (Ibs).

For the long side of the unit
T =1.150 lbs per bolt
V' =1.170 lbs per bolt
F, Anchor = 36 ksi

/! =4 ksi lightweight concrete
Results as follows adjusted for ¢ = 1.0 for the different failure modes:

Effective Tension Load: 3,474 1bs (Tension load from anchor program
with eccentrically loaded plate)

Acceptance of Anchors Long Side of Unit
Steel strength: 0.32
Pullout strength: 0.93

Breakout strength 0.92
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Acceptance of Anchors in Shear
Steel failure: 0.21
Pryout strength: 0.15
Concrete edge failure in y-direction: 0.48
Combined Shear and Tension Loads
Combined: 1.18
Acceptance of Anchors Short Side of Unit
Steel strength: 0.17
Pullout strength: 0.49
Breakout strength 0.48
Acceptance of Anchors in Shear
Steel failure: 0.21
Pryout strength: 0.15
Concrete edge failure in direction y: 0.48
Combined Shear and Tension Loads
Combined: 0.81

Step 7: Retrofit or Accept

Those components not meeting the acceptance criteria per ASCE 41-13

§ 13.7.3 could be retrofitted per ASCE 41-13 § 13.5. For the Acceptance
Criteria for this example, ASCE 41-13 § 13.3 refers to § 13.7 and ultimately
§ 13.7.1.3.2 for the Position Retention Performance Level.

Acceptance of Anchor

For the long side of the mechanical unit, the demand/capacity of the anchors
is 0.93 maximum in tension, 0.48 in shear, and 1.17 combined shear and
tension. For the short side of the mechanical unit, the demand/capacity of the
anchors is 0.49 in tension, 0.48 in shear, and 0.81 combined shear and
tension. Therefore, the anchors do not meet the acceptance criteria along the
long side of the unit and are acceptable along the short side of the unit.
Retrofit of the unit anchorage is required to satisfy the Performance
Objective.
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Acceptance of Prying Action of Support Angle

From previous calculations:

tmin = 0.081 inches < 0.1875 inch thickness of support angle
Therefore, support angle is acceptable.
No retrofit is required to satisfy the Performance Objective.
Retrofit of Anchorage at Long Side of Mechanical Unit

The anchors along the long side of the unit do not meet the acceptance
criteria. One option to mitigate this structural concern is to add two 1/2-inch
expansion anchors embedded 4 inches along both sides of the unit for a total
of five anchors each side of the unit. This would result in an applied anchor
load of 690 1bs in tension and 702 lbs in shear. The resulting shear and
tension going through the same analysis as above is 0.55 maximum in
tension, 0.29 in shear, and 0.71 combined shear and tension. With the
additional anchors, the acceptance criteria are met.

4.8.7 Comparison of ASCE 7, ASCE 41-13, and ASCE 41-17
Seismic Design Criteria for Internally Isolated Mechanical
Unit Anchorage

Table 4-5 provides a comparative summary of the various design criteria for
anchoring an internally isolated mechanical unit, using ASCE 7-10, ASCE
41-13, and ASCE 41-17. Although the criteria are similar, there are subtle
differences in some aspects that are important to appreciate in evaluating
existing anchors or in designing for new anchors.
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Table 4-5

Internally Isolated Mechanical Unit

Seismic

Design
Criteria

ASCE 7-10

ASCE 41-13

Comparison of Design Criteria ASCE 7-10, ASCE 41-13, and ASCE 41-17 for Anchorage of

ASCE 41-17

Seismic 0.4a S, W 0.4a, S, W 0.4a S, W

Horizontal B =2 D5 » (l+2£j B -2 X p (1 Ej B =— 2% » (1 ij

Force (RPJ [Rp] h [RPJ

r r r r

P 1, 1, I,
(ASCE 7-10 Eqg. 13.3-1) (ASCE 41-13 Eq. 13-1) (ASCE 41-17 Eq. 13-1)
a,=25R,=20,1,=1.0 a,=25,R,=20,1,=1.0 a,=25R,=20,1,=10
Sps is based on 2/3 MCEg Sxs is based on BSE-1E Sxs is based on BSE-TE

Seismic +0.25psW,, (ASCE 7-10 § 13.3.1) Not required for this type of Not required for this type of

Vertical Force
Foy

nonstructural component

nonstructural component

Design Load
Combinations

(1.2+02.5p5)D + Q20Q¢
(0.9 = 0.25ps)D * 20Q¢
(ASCE 7-10 § 12.14.3.2.2)

€, per ASCE 7-10 § Table 13.6-1,
which is equal to 2.5 for this
example.

Que=12Wp = Fp
(ASCE 41-13 Eq. 13.7a)

QUF = 09WP + FP
(ASCE 41-13 Eq. 13.7b)

Qo per ACI 318-11 and ASCE 7 §
Table 13.6-1, equal to 2.5 for this
example.(See discussion in
Section 4.8.6 (Anchor Capacity)
of this Example Application Guide
for the applicability of €.

Qur = 1.2Wp + Fpv QoFp
(ASCE 41-17 Eq. 13.6a)
Qur = (0.9Wp - Fp) £ QoFp
(ASCE 41-17 Eq. 13.6b)

Fpy= 0, or not consider as noted
above for this type of
nonstructural component.

Qo from ASCE 7-16 Table 13.6-1,
which is equal to 2 for this
example.
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Chapter 5

Foundations

5.1 Overview

This chapter provides discussion and example application of evaluating and
modeling the foundation, soil, and soil-structure interaction (SSI) of
buildings as presented in ASCE 41-13 Chapter 8 (ASCE, 2014).
Foundations are at the critical interface between the soil and the building
structure. They support the structure by distributing gravity and wind loads
from the structure to the soil, and also impart seismic ground accelerations
that generate the inertial forces in the structure above. The type of
foundation, and the performance of the foundation elements and supporting
soil, can greatly influence the behavior of the building. The most common
usage of the ASCE 41-13 foundation provisions, and therefore the major
focus of this chapter, is the modeling and evaluation of shallow foundations;

in addition, general guidance is provided for collection of soil and foundation

information, shallow foundation lateral loads, and geologic hazards, such as
liquefaction, deep foundations, and SSI.

This chapter illustrates the following:

e Section 5.2: General design considerations for evaluating existing
foundations.

e Section 5.3: Review of the various foundation provisions that are
located not only in ASCE 41-13 Chapter 8, but also other locations
throughout the standard.

e Section 5.4: The ASCE 41-13 approach to foundation evaluation and
discussion of footing and foundation flexibility.

e Section 5.5: Requirements in ASCE 41-13 for information gathering
and condition assessment of existing footings and the supporting soil.
Some recommendations and items for consideration regarding the scope
and approach to the geotechnical investigation are included.

e Section 5.6: Determination of capacities and load-deformation
characteristics of foundations, including expected capacities, foundation
stiffness, bounding requirements, bearing pressure distribution, and
force-controlled and deformation-controlled actions.

FEMA P-2006 5: Foundations
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Section 5.7: An overview of the ASCE 41-13 principles for evaluation
and retrofit of shallow foundations, a summary of the three methods of
modeling foundations, and an example for each method.

Section 5.8: Shallow foundation lateral load provisions of ASCE 41-13.

Section 5.9: ASCE 41-13 requirements for deep foundation evaluation
and retrofit.

Section 5.10: Soil-structure interaction effects, including kinematic
interaction and radiation damping, and provides an example of the
determination of base slab averaging and embedment effects.

Section 5.11: A general overview of the ASCE 41-13 approach to
liquefaction evaluation and mitigation.

It is noted that ASCE 41-13 § 8.6 on seismic earth pressure is not covered.

5.2

Foundation Design Considerations

When evaluating a structure, it is important to consider the impact of the

foundation on the superstructure from all seismic-related sources, including

forces due to seismic accelerations as well as deformations at the foundation

caused by the earthquake. Some key factors to consider when using ASCE

41-13, or any other design standard, include the effects of the following

geological and geotechnical phenomena on the building response, which will

be discussed in greater detail in the sections ahead:

Soil response
o Change in soil characteristics due to shaking, such as liquefaction

o Transmission and alteration of the earthquake energy to the
building’s site due to soil site class, geologic, and other
considerations

Soil-structure-interface response

o Modification of the earthquake input from the subsurface media to
the building structure based on the geometry of the building
(kinematic interaction)

o Flexibility and modification of the building’s dynamic
characteristics, including foundation and radiation damping, at the
soil-foundation interface (inertial interaction)

As with design of structures for non-earthquake loads, foundations are

critical components to control vertical and lateral deformations imposed on

the building. For non-earthquake loads, the tolerable deformations are
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limited to those that do not impair building function and do not cause a
perceptible nuisance. As such, foundation deformation from non-earthquake
loads does not typically impose demands back on the structural components
they support. For seismic loads, there are transient deformations (during the
earthquake) and permanent deformations after the earthquake, both of which
impose structurally significant force and deformation demands on the
building structure. In some cases, structural members subjected to these
demands can lose vertical load-carrying capability. The soil response may
also impose deformation demands on the building structure, which can be
significant when soil yields, or when liquefaction, seismic-induced
settlement, ground rupture, or lateral spreading occurs.

The following potential sources of imposed force and deformation demands
on a building as a result of foundation characteristics and geologic hazards
are discussed in ASCE 41-13 Chapter 8:

e Foundation sliding: Shallow foundations slide; piles deflect or shear off

e Foundation overturning: Pile and shallow footings rotate and can move
up or down

e Settlement from shaking-induced densification
e Settlement and lateral-spreading from liquefaction

e Ground rupture

5.3 ASCE 41-13 Foundation Provisions

Proper application of ASCE 41-13 Chapter 8 depends on the provisions of
other chapters of ASCE 41-13. Of course, building foundations can be of
many types and materials—steel piles, concrete mats, wood poles, and
masonry footings to name a few—and therefore foundation evaluation
pursuant to ASCE 41-13 Chapter 8 must be done in conjunction with the
applicable chapters for each material. When applying those chapters, keep in
mind that each foundation element (or its connections to the superstructure)
must be treated as a force-controlled element unless deformation-controlled
acceptance criteria are explicitly provided in the relevant material chapters
or, for nonlinear procedures, the engineer can show explicitly that it behaves
in a deformation-controlled manner as defined by ASCE 41-13 § 7.5.1.2.
ASCE 41-13 § 7.6 provides requirements for testing to determine modeling
parameters and acceptance criteria.

Foundation provisions are also located in the initial ASCE 41-13 chapters
covering general evaluation and retrofit requirements (Chapter 3), Tier 1
screening (Chapter 4), Tier 2 deficiency-based evaluation and retrofits
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(Chapter 5), Tier 3 systematic evaluation and retrofit (Chapter 6), and in a
number of locations in the Chapter 7 analysis procedures and acceptance
criteria. A summary of key foundation-related provisions follows.

Provisions in ASCE 41-13 Chapters 3-6

e ASCE 41-13 § 3.2.4 defines acceptable sources of information for
determination of site and foundation conditions, and requires a site-
specific subsurface investigation for Enhanced Performance Objectives.

e ASCE 41-13 § C4.2.3 notes the need to look for existing geotechnical
reports on site soil conditions and to establish site and soil parameters
when conducting Tier 1 screenings.

e ASCE 41-13 § 4.3.4 notes that Benchmark Building provisions cannot be
satisfied if there are liquefaction, slope failure, or surface fault rupture
hazards at the site, unless they have been mitigated in the lateral force-
resisting system and foundation design.

e ASCE 41-13 § 5.4.3 provides foundation check requirements for Tier 2
deficiency-based evaluation and retrofit. It also points out that there are
no Tier 2 evaluation procedures for liquefaction, slope failure, or surface
fault rupture, and that these geological site hazards need to use a Tier 3
evaluation procedure.

e ASCE 41-13 § 6.3 points to the requirements of ASCE 41-13 Chapter 8
for Tier 3 evaluation and retrofit.

Foundation Requirements in ASCE 41-13 Chapter 7

e ASCE 41-13 Chapter 7 provides overall requirements regarding how the
foundation is to be modeled: ASCE 41-13 § 7.2.3.5 requires that the
foundation be modeled considering the flexibility at the base of the
structure, and refers the user to ASCE 41-13 § 7.2.7 for SSI, § 8.2.2 for
geologic hazards, and § 8.4 for acceptance criteria.

e ASCE 41-13 § 7.2.7 recognizes that the presence of a massive, stiff
foundation can change the nature of the free-field earthquake ground
motions, which are the basis for the design spectra. If such changes are
expected to increase the seismic demand (which is uncommon), then
ASCE 41-13 § 7.2.7 requires that SSI be considered. Typically, SSI
effects will lower the demand, and § 7.2.7 allows the engineer to
incorporate this by reducing the design spectral acceleration per ASCE
41-13 § 8.5. Per ASCE 41-13 § 7.2.7.1 and § 7.2.7.2, the engineer has
the option of incorporating SSI either through a simplified method (in
conjunction with ASCE 7) or by explicitly modelling the elements. Note
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that one must use a flexible foundation model to incorporate soil-
structure interaction.

e ASCE 41-13 § 7.2.8 requires that the effects of overturning on
foundations and geotechnical components be performed per the
requirements in ASCE 41-13 Chapter 8. ASCE 41-13 Equations 7-5 and
7-6 shall not be used to evaluate the acceptability of the foundation and
soil at the soil-structure interface. Refer to Section 5.7.1 of this Guide
for further discussion.

Foundation Provisions in Material Chapters 9-12

e Steel: ASCE 41-13 § 9.9.4 requires connections between piles and caps
to be considered force-controlled.

e Concrete: ASCE 41-13 § 10.12.3 requires all components of existing
foundations and all new retrofit materials and components to be
considered force-controlled, but caps the required capacity at 125% of
the capacity of the supported vertical component.

e Masonry: ASCE 41-13 § 11.6.2 requires all footings to be considered
force-controlled, and to be treated as elastic with no inelastic capacity
unless shown otherwise per ASCE 41-13 § 7.6.

e  Wood: ASCE 41-13 § 12.6.2 requires wood piles and wood pole
structures subject to axial and flexural loads to be considered
deformation-controlled using m-factors from ASCE 41-13 Table 12-3,
and refers to ASCE 41-13 Chapter 8 for acceptability of supporting soils.

5.4 ASCE 41-13 Approach to Foundation Evaluation

The first step in evaluating the expected performance of an existing
foundation is characterizing the foundation elements and supporting soils;
this is done per ASCE 41-13 § 8.2. Ideally, drawings with foundation design
information would be available; otherwise, exploratory investigation, which
can include destructive and nondestructive investigation and/or testing will
be required. The soil properties required for the structural modeling of the
foundation are typically determined in conjunction with a geotechnical
consultant, and communication is important to ensure that the specific
parameters required for the analyses are requested in advance. Immediate
Occupancy or Damage Control Performance Levels require more extensive
characterization of engineering soil properties, as described in ASCE 41-13
§ 8.2.1.1.2. Some sites will present geologic hazards such as fault rupture,
liquefaction, dynamic settlement, landslides and flooding. Such hazards are
typically identified by the checklists or by the consulting geotechnical
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Useful Ti

ASCE 41-13 differentiates
between a footing (the structural
element in contact with the soil)
and the foundation (the

soil /structure system). A flexible
(or rigid) footing refers o the
footing element itself, whereas a
flexible (or rigid) foundation
refers to the footing/soil system.
Therefore, a structure can have a
rigid footing but a flexible
foundation (due fo soil springs).

engineer, and ASCE 41-13 § 8.3 provides requirements for mitigating those
hazards.

With the soils and foundations characterized, the engineer must decide how
to incorporate foundation behavior into the model, and to choose acceptance
criteria consistent with the performance objectives. ASCE 41-13 § 7.2.3.5
requires that foundation flexibility be considered and permits a rigid (fixed)
or flexible base (building’s boundary condition) assumption subject to the
requirements for soil-structure interaction of ASCE 41-13 § 7.2.7 and
foundation acceptability of ASCE 41-13 § 8.4. Therefore, per the
requirements of ASCE 41-13, foundations may be designed with a rigid
(fixed) base assumption regardless of the actual flexibility of the foundation,
except for buildings that are sensitive to foundation movement or rotation
and are evaluated to the Immediate Occupancy Performance Level. Where
foundations are modeled as fixed base, relatively stringent acceptance criteria
are provided to limit the deformation imposed on the superstructure.

It is important to distinguish between rigid (fixed) or flexible foundations
and rigid or flexible footings, as discussed in ASCE 41-13 § 8.4.2.1. A rigid
base (also known as fixed base) or flexible base foundation refers to the
flexibility of the structural footing and soil system as a boundary condition of
the building, whereas a rigid or flexible footing refers to the structural
footing element itself relative to the supporting soil stiftness. Therefore, the
foundation may be modeled and evaluated with a combination of foundation
and footing flexibility. For instance, a structure can have a rigid footing with
a flexible foundation where the flexibility of the soil is modeled with springs.
Figure 5-1 illustrates potential combinations for footing and foundation
flexibility.

|
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Flexible footing with
flexible foundation

Rigid footing with rigid
(fixed-base) foundation

Rigid footing with
flexible foundation

Figure 5-1 lllustration of footing and foundation flexibility.

If the simplifying assumption of a perfectly rigid foundation is determined to
be appropriate for the site and structure, then ASCE 41-13 § 8.4.2 through

§ 8.4.2.3.2.1 provide the model requirements and acceptance criteria. Refer
to Section 5.7.2 of this Guide for more information on determining footing
flexibility. Should it be determined that foundation flexibility is important to
the structural response, the designer has the option of using simplified point-
wise foundation springs with presumed rigid footings (Method 1 — Figure
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5-11); distributed soil springs below a presumed rigid footing (Method 2 —
Figure 5-13); or flexible footings supported by soil springs (Method 3 —
Figure 5-15). This decision process and sample calculations are provided in
the following sections.

5.5 Soil and Foundation Information and Condition
Assessment

ASCE 41-13 § 3.2.4 and § 8.2 specify information about the foundation and

subsurface soil characteristics that is required for an evaluation or retrofit. Useful Ti
Existing drawings or site investigation may be used to determine foundation An effective data gathering scope
type, materials, and configuration. Per ASCE 41-13 § 3.2.4, a site is best achieved when the

potential benefits of the
investigation are understood.

) . _ i : Broad, regional maps may not
between the as-built conditions and the construction drawings. Varying capture unique site-specific

reconnaissance must be performed to observe the existing conditions,
including evidence of poor foundation performance, as well as discrepancies

levels of detail on the subsurface soil conditions are required depending on issues.

the Performance Objective. Site-specific geotechnical information is

required for Enhanced Performance Objectives, such as Immediate
Occupancy, or where seismic-geologic site hazards are determined to be
present. Information on design foundation loads and soil conditions may be
gathered from existing documentation, including existing drawings or
geotechnical reports. Geotechnical reports from adjacent sites may provide
useful information for the subject building, although the potential for
variation in subsurface soil should be considered and uncertainty in actual
soil behavior incorporated into the foundation evaluation and design.

To minimize the risk of not identifying a potential hazard and to obtain
accurate soil data parameters, ideally a geotechnical engineer (and in some
cases an engineering geologist) should work directly with the structural
engineer and the building owner or the owner’s representative to review
existing available data to establish the scope of additional investigation, if
required, and to provide both geologic and geotechnical recommendations
for the evaluation and retrofit of the building. The need for an engineering
geologist should be determined in consultation with the geotechnical
engineer. Some situations that typically require an engineering geologist
include sites with rock subsurface conditions, particularly on sloped sites,
sites with a history or evidence of landsliding, sites within an earthquake
fault zone or when required by the governing jurisdiction. NIST GCR
12-917-21 report, Soil-Structure Interaction for Building Structures (NIST,
2012), Section 6.3.2 and Section 6.3.3 contain sample checklists with
recommendations for information to be provided to the geotechnical engineer
and material to be included in the geotechnical report. For essential
facilities, particularly where there are potential geologic concerns, the
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engagement of subject matter experts is prudent and may be required by the

Authority Having Jurisdiction. In cases where the owner and local

jurisdiction deem the use of existing data appropriate as the sole basis for the

foundation evaluation and design, the engineer should consider potential

geotechnical issues, variables, and unknowns in the structural evaluation and

retrofit. The following discussion provides guidance on some of the issues to

be considered and sources of information that are available.

For site-specific subsurface characterization, the following approach is

suggested:

Observation: Visual observation of the structure, its foundation and
surroundings areas should be performed to look for signs of foundation
movement (total or differential) in order to identify the historic
performance of the building’s foundation. Telltale signs of distress due
to settlement that are observed at sites with a history of seismic activity
may in some circumstances indicate an elevated risk of geologic issues,
such as liquefaction. However, the absence of observable settlement
does not preclude the possibility of geologic hazards being present on the
site.

Internet research: Websites containing regional or local reports related
to geologic and seismic hazards and subsurface conditions can provide
relevant information on the subject site.

Desktop research: Geotechnical reports (of the site and neighboring
sites), construction drawings, test results, and other available documents
directly related to the building should be reviewed. These documents
provide the most valuable sources of data and extensive efforts to locate
and review these documents may be warranted as they can lead to
significant savings in in-situ investigation costs. Potential sources for
geotechnical reports are the owner, building departments, and on-site
archives or mechanical rooms. When original geotechnical reports are
available, it is good practice to suggest that the document be reviewed by
a geotechnical engineer.

In-situ investigation: A subsurface investigation provides the most
comprehensive understanding of geotechnical and geological conditions.
The engineer should work closely with the geotechnical engineer to
ensure that sufficient exploration and sampling are performed and that
the specific geotechnical information required for the seismic evaluation
and retrofit is conveyed to the geotechnical engineer. Typically, both
field and laboratory testing would be performed as part of this
investigation. Although ASCE 41-13 does not provide specific
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recommendations for in-situ investigation methods, the following
investigative options may be considered, and close collaboration with the
geotechnical engineer in determining the appropriate scope is
recommended.

o Drill rig to bore, retrieve, and log soil profile. Once drilled, down-
hole piezometers and seismic shear wave velocity testing can be
performed, which provide insight into groundwater conditions and
dynamic soil properties, respectively.

o Cone penetration tests (CPTs) can be performed to supplement and
enhance data collected from borings. CPTs provide continuous
profiling of subsurface stratigraphy and in-situ measurements of
various soil parameters, negating some of the shortcomings
associated with borehole sampling, such as discrete sampling
intervals and sample disturbance. CPTs are quicker to conduct than
borings and enable larger site areas to be investigated at a lower cost.

o Seismic cone penetration tests (SCPTs), which can be performed as
part of the CPT, provide estimates of shear wave velocity, a valuable
indicator of the dynamic properties of soil and rock. Shear wave
velocity is related to the small-strain shear modulus, an integral
component of dynamic soil response under seismic loading.

o Standard penetration tests (SPTs) provide the typical N-value
representing blow counts, which is correlated to various soil
properties. This is the traditional approach for geotechnical
investigations and is typically the basis for foundation design values
and settlement estimates, particularly in granular soils.

o For shallow foundations up to approximately 15 feet, test pits can be
excavated and shored to obtain soil samples, log subsurface
conditions, and investigate the depth and configuration of existing
foundation elements. Test pits are particularly useful in identifying
the transition between native soil and fill.

o Laboratory tests can be used to validate soil classifications and to
provide engineering parameters for interpretation and use by
engineers. Testing includes, but is not limited to:

e Soil gradation
e Plasticity
e Corrosivity

e Moisture content and dry density
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Shallow foundation influence
is typically less than two
times the footing length.

e  Shear strength
e Expansion potential

e Compressibility (consolidation characteristics)

The scope of the data investigation and reporting for a building depends upon
specific performance objectives, regulatory requirements, and the extent of
available data. In some cases, the cost of extensive investigation and testing
can be justified by developing a more efficient retrofit design through the use
of more accurately determined soil and foundation properties as opposed to
the default values prescribed by the standard.

In addition to the geotechnical investigation, the geologic assessment seeks
to identify site-specific hazards such as ground (fault) rupture, lateral
spreading due to liquefaction, settlement, landslide, and ground motion
(shaking). This requires regional geologic knowledge as well as information
on the 30 meters (100 feet) of soil directly below the building. The latter is
quantified by the soil’s shear wave velocity, v, which is a key parameter in
determining the intensity of ground shaking at the surface and is used to
determine the soil site class in ASCE 7-10 (ASCE, 2010). This represents
the soil amplification factor of the seismic wave as it passes from the
epicenter to the building foundation, as shown in Figure 5-2.

Top 100 feet of
average soil shear
wave velocity (v, )

ice S0l determines how
Bedrock much soil wave
Crust amplification occurs.

Figure 5-2 Soil depth of interest for geologic and geotechnical conditions.
Figure from Ichimura et al. (2015), reprinted with permission
from IEEE © 2018.

The minimum required depth and scope of investigation are specified in
ASCE 41-13 § 8.2.1.1.2. Typically, the geotechnical effects on a shallow
foundation are limited to approximately two times the footing length. For a
deep foundation, the required depth of knowledge depends on the underlying
soil characteristics and the depth of the deep foundation elements.
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Therefore, the use of v, for geotechnical parameters of a shallow
foundation, and sometimes a deep foundation depending on the depth, can be
misleading, particularly where a layer of weak, soft soils above stiff soil
directly supports a shallow footing. In general, if there are significant
variations in the soil stratification, further investigation may be warranted.

5.6 Expected Foundation Capacities and Load-
Deformation Characteristics (ASCE 41-13 § 8.4)

5.6.1 Geotechnical Information

As previously mentioned, existing geotechnical reports or investigations may
be used to assist in determining soil characteristics and strength. However, it
is important to note that design strength values (bearing pressure or skin
friction) provided in geotechnical reports in the past were traditionally based
on lower bound, allowable stress values. Hence, these values must be
modified in order to account for the expected strength of the foundation soil.
Additionally, load-deformation characteristics have traditionally been based
on long-term loading, primarily dead load, which does not reflect the
anticipated load-deformation characteristics associated with short-term
earthquake loads, and may underestimate the system stiffness. Therefore, it
is beneficial where practical, or when required by ASCE 41-13, to develop
site-specific expected capacities and short-term load-deformation
characteristics. The structural engineer should work closely with the
geotechnical engineer to specify the required information and to understand
what, if any, safety factors have been applied to the reported values.

5.6.2 Derivation of Strength Capacities

Expected foundation capacities are determined using either a prescriptive or
site-specific approach. Prescriptive expected capacities are based on
available documentation from the original construction, such as construction
documents or geotechnical reports, or from the estimated gravity loading on
the foundations. The prescriptive approach accounts for the factor of safety
traditionally used in Allowable Stress Design (ASD) of foundations to resist
dead and live loads (typically 3). With this approach, the allowable capacity
is based on combined dead and live loading and should not be based on dead
load only or on short-term wind or seismic loads.

As an alternative, a site-specific geotechnical investigation can be performed
to develop expected ultimate foundation capacities. The following examples
illustrate the three prescriptive approaches. Note that for linear analysis
procedures where the foundation soil is classified as deformation-controlled,
these expected bearing capacities are used to develop axial and moment
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capacities which are multiplied by the appropriate m-factors specified in
ASCE 41-13 § 8.4 when evaluating the acceptability of the foundation soil.

5.6.2.1 Spread Footing Expected Capacity Example

An existing building is founded on shallow spread footings. The original
construction documents contain the design soil pressure of 2,500 psf as
shown in Figure 5-3.

l. FouMDATIONS 2 ALL FoeTinGS For BLrg™4 Are FounmBES IM

TURAL . Maimuia Solt. PRESSURE. DoES NpT ExestD
’ééo #'%od SEAD LoAps PLUS LIVE Loass.

Figure 5-3 Design soil bearing pressure from existing drawings.

The prescriptive expected bearing capacity is determined using ASCE 41-13
Equation 8-1.

qc = 35]allow (ASCE 41-13 Eq 8-1)
— 3(2,500 psf)
= 7,500 psf

5.6.2.2 Deep Foundation Expected Capacity Example

An existing building is supported by deep pile foundations. The original
construction documents contain information on the design pile capacities as
shown in Figure 5-4. The design pile capacities are 20 tons for wood piles,
27.5 tons for composite piles, and 35 tons for cast-in-place concrete piles.

Pile Copacity: )

Liood Pries = 20 Tons OL.vL.L.~Main Foorlings.

Composife FPiles =27.5 Tons DL *L L., loor Constiucton. 20 Jass cleawbere.
Casr-inploce concrele Pries =35 Tons QL +L.L.

Figure 5-4 Design pile capacities from existing drawings.

The prescriptive expected vertical capacity is determined using ASCE 41-13
Equation 8-2.

Qc = 3Qallow (ASCE 41-13 Eq 8-2)

Therefore, the expected capacities are 60 tons, 82.5 tons, and 105 tons for
wood, composite, and cast-in-place concrete piles, respectively.

5.6.2.3 Expected Capacity from Gravity Load Example

An existing one-story building contains interior columns at a 20-foot grid
spacing, which support the roof framing. The columns are supported by
shallow, normal-weight concrete spread footings which are 2°-6” square by
2’-0” deep. The roof dead load, including roof framing, is determined to be
25 psf. Per ASCE 7-10, the roof live load is 20 psf.
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The dead load is calculated to include the roof dead load and the self-weight
of the concrete footing. The unit weight of the concrete is 150 pcf. The
weight of the concrete footing, Wy, is:

Wpe= (2.5 ft)(2.5 ft)(2 ft)(150 pcf) = 1,875 1bs
The dead load from the roof, Wiof, 1S:
Wioot = (20 £1)(20 ft)(25 psf) = 10,000 Ibs

The total dead load, QOp, is:
QD = Wftg + VVroof
= 1,875 Ibs + 10,000 Ibs = 11,875 1bs

Per ASCE 41-13 § 7.2.2, the live load, O, is 25% of the unreduced live load
of ASCE 7-10:

Or = 0.25(20 ft)(20£t)(20 psf) = 2,000 Ibs
The snow load, Qs, is zero for this building.

The gravity load supported by the footing is calculated per ASCE 41-13
Equation 7-1. Note that ASCE 41-13 does not have a distinction between
roof live load and floor live load, as there is in ASCE 7-10 and its load
combinations.

O¢ = 1.1(0p + Q1+ Os) (ASCE 41-13 Eq. 7-1)
= 1.1(11,875 Ibs + 2,000 Ibs + 0 Ibs) = 15,263 Ibs

The footing bearing pressure under gravity load is:

(15,263 bs)/[(2.5 f)(2.5 ft)] = 2,442 psf

The expected bearing capacity of the foundation is determined per ASCE
41-13 Equation 8-3:

ge =150 (ASCE 41-13 Eq. 8-3)
= 1.5(2,442 psf) = 3,663 psf

Note that determining the expected foundation capacity based on the gravity
load will typically provide a lower capacity than that determined from the
specified allowable capacities. For example, the allowable bearing pressure
for this structure could be 2,500 psf as in the previous example with an
expected bearing capacity of 7,500 psf. Based on the calculated gravity load,
the expected bearing capacity using this method is only approximately 3,600
psf. ASCE 41-13 § 8.4.1.1 does not explicitly specify whether the calculated
gravity load should include the weight of the foundation element. However,
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since footing weight is part of the dead load measured at the footing
interface, it is reasonable to include the footing weight in this calculation.

5.6.3 Bounding of Soil Load-Deformation Characteristics

To analyze and design with any material, a fundamental understanding of the
material properties and variability in strength and stiffness is required. As
soil has inherently more variation than most engineering materials, ASCE
41-13 explicitly incorporates the potential variations through bounding the
load-deformation characteristics used in the analysis. ASCE 41-13 § 8.4.2
requires the application of an upper bound of two times the expected values
and a lower bound of one-half of the expected values for any foundation, as
shown in Figure 5-5.

UPPER BOUND
20
o - CALCULATED CAPACITY

Lower Bound
Q2
& DEFORMATION
Figure 5-5 Idealized load-deformation behavior (ASCE
41-13 Figure 8-1a). Printed with permission

from ASCE.

Alternatively, per ASCE 41-13 § C8.4.2, if specific data are available about
the load-deformation characteristics of the soil supporting the existing
foundation, the coefficient of variation, C,, may be determined and the upper
and lower bounds calculated by multiplying and dividing by (1 + C,), where
C, may not be less than 0.5. Further information on bounding is discussed in
NIST GCR 12-917-21 Section 6.2.7 and Section 6.3.4.

5.6.4 Derivation of Expected Foundation Stiffness

Expected elastic soil properties are developed based on the expected
properties of the soil directly beneath the footing. Specifically, these
properties should represent the dynamic stiffness of the foundation under
short-term (seismic) loading.
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As previously discussed, geotechnical information is typically provided at an
ASD level for long-term gravity loading. ASCE 41-13 seeks to utilize an
expected soil shear modulus along with the appropriate Poisson’s ratio in
determining foundation stiffness characteristics. Close coordination with the
geotechnical engineer is recommended to ascertain appropriate force-
deformation relationships that are representative of dynamic loading and
ultimate capacities, as well as a proper understanding and determination of
the variables used to calculate prescriptive values of stiffness within ASCE
41-13.

5.6.4.1 Expected Foundation Stiffness Example

The following example illustrates the calculation of the effective shear
modulus and Poisson’s ratio per ASCE 41-13 § 8.4.2.2. See Figure 5-6 for
the foundation dimension definitions, which are taken from ASCE 41-13
Figure 8-2.

"
-
bottom ™~ _

center h d D
L |t
L \\\L/B *
Figure 5-6 Foundation dimensions (ASCE 41-13 Figure 8-2).

Printed with permission from ASCE.

Foundation information:
Rectangular footing
B = B;=06 feet
L =L;=10 feet
D = Dy=2 feet (depth to foundation soil interface)

d =2 feet (depth of footing)

Design information:
Sandy fill
Site Class D
Sxs=10g
y =120 pcf
v, =900 ft/sec
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y is the in-situ total unit weight of the soil at the base of the footing. vy is the
shear wave velocity at low strains in the region immediately below the soil-
footing interface. Where soil properties are relatively uniform within one to
two footing widths below this interface, the value at depth D, + (\/BfT f_) /2
may be used. As previously discussed, the shear wave velocity directly
below the footing may be different than the shear wave velocity within the
top 30 meters, v,, depending on the soil properties and layers below the
structure. For this example, the average shear wave velocity, v, , for Site
Class D is used to approximate vy, and the bounding of the stiftness values is
intended to capture the uncertainty in the shear wave velocity below the
footing. Where variations in soil properties are known to exist on the site or
the engineer is not comfortable with these assumptions, a geotechnical
engineer should be consulted.

Per ASCE 41-13 § 8.4.2.2, Poisson’s ratio may be taken as 0.25 for any soil
other than saturated clays for which the value is 0.50. The initial shear
modulus, Gy, is calculated per ASCE 41-13 Equation 8-4. This equation may
be used for any soil type but may underestimate the shear modulus if the
shear wave velocity, vy, is measured prior to consolidation under expected
vertical loads, such as if a shear wave velocity is provided in a report that
was developed prior to the construction of the building.

2
G, = L (ASCE 41-13 Eq. 8-4)
g
— (120 peh)(900 fi/sec)(1 k/1,000 Ibs)/(32.2 fi/sec?)
= 3,019 ksf

The effective shear modulus is then determined per ASCE 41-13 Table 8-2.
Since Sxs/2.5 = 0.4, it is Site Class D, and G/G, = 0.50.

G/Gy =0.50

G =0.50Gy
~ 0.50(3,019 ksf)
=1,510 ksf

The elastic stiffness of the foundation can then be calculated for translation,
rocking, or torsion using the effective shear modulus, Poisson’s ratio and
foundation dimensions. As an example, translational stiffness along the
x-axis and rocking stiffness about the y-axis are calculated for the footing
described above.
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Translation along x-axis:

2—v

0.65
Kear = 98 {3.4(%) +1.2} (ASCE 41-13 Fig. 8-2)

_ (1,510 ksf)(6) 34(gj°‘“+1 5
2-0.25 L6 '

= 30,7547 kip/ft

Rocking about y-axis:

3 24
Ko = I8 {0.47(@ +0.034} (ASCE 41-13 Fig. 8-2)

-V

3 2.4
_ (1510 ks(6)' 0_47[9j +0.034
1-0.25 6

= 711,259 kip-ft/rad

An upper and lower bound of these stiffness values, multiplied by 2 and 0.5
respectively, would be used in the evaluation unless more refined load-
deformation information was available, as discussed in Section 5.6.3 of this
Guide.

5.6.5 Bearing Pressure Distribution

Depending on the flexibility of the footing, as well as loading and
dimensions, the distribution of bearing pressures on the soil below will vary.
Conventional foundation design has traditionally evaluated the bearing
pressure distribution under vertical and overturning forces as triangular or
trapezoidal. The expected moment capacity of the footing with respect to the
soil in ASCE 41-13 allows for concentrated (rectangular) stresses at the
footing edges, particularly as uplift occurs at the opposite edge of the footing,
as shown in Figure 5-7, where ¢ is the bearing pressure under vertical load; P
is the axial load including gravity and seismic loads; M is the applied
moment; ¢. is the expected bearing capacity of the soil and M. is the
expected moment strength of the footing as limited by the soil calculated per
ASCE 41-13 Equation 8-10. The modeling parameters and acceptance
criteria for linear and nonlinear procedures are dependent on the ratio of
vertical stress to ultimate soil bearing pressure, which is defined as the
critical contact area, A. (4. = P/q).

5.6.6 Force-Controlled vs. Deformation-Controlled Actions

In conjunction with the soil acceptance criteria, the material-specific
requirements for the structural component are determined from the relevant
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material chapters of ASCE 41-13, as discussed in Section 5.3 of this Guide.
The requirements for typical foundation materials are provided in Table 5-1,

below.

— | _— .
q
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d

Y q W Ac qc

q

3 705
Figure 5-7 Bearing pressure distributions for rectangular and I-shaped

rocking footings (FEMA, 1997a).

Table 5-1

Foundatio

Material-Specific Structural Foundation Requirements

n | ASCE 41-13

Material Section Action Type
Steel §9.9.4 Deformation-controlled for sFeeI pile; ' '
Force-controlled for connection from pile to pile cap
Concrete §10.12.3 Forcejcontrolled; the reqwred} capacity is limited by 125% of the
capacity of the supported vertical component
Masonr §11.6.2 Force-controlled and modeled as elastic with no inelastic deformation
y e capacity unless demonstrated through ASCE 41-13 § 7.6
Flexure and axial loads are considered deformation-controlled with
Wood §12.6.2 m-factors per ASCE 41-13 Table 12-3. Acceptability of soil below
wood footings determined per ASCE 41-13 Chapter 8.

The action classification and acceptance criteria for each material are
intended to align with ASCE 41-13 § 7.5.1.2, which defines the load-
deformation characteristics of force-controlled and deformation-controlled

actions. Different action classifications and acceptance criteria could be
developed for nonlinear procedures based on ASCE 41-13 § 7.5.1.2 and
§ 7.6. For instance, where a force-controlled foundation element is shown to

have the ductile behavior of a deformation-controlled action, modeling

parameters and acceptance criteria derived from testing per ASCE 41-13

§ 7.6 may be utilized in the evaluation and retrofit of the foundation. There
is some debate within the profession whether certain items, such as concrete
grade beams or flexure within a footing, can be treated as deformation-

controlled actions using m-factors for nonconforming concrete beams. This
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is a topic that continues to be debated by the standards committee but is not
explicitly permitted for the linear procedures. For nonlinear procedures, the
development of acceptance criteria is explicitly permitted by the process
described above.

5.7 Shallow Foundation Evalucation and Retrofit
5.7.1 Overview

During an earthquake event, the demands placed on the soil are significantly
larger than those associated with non-earthquake loads. These demands are
deemed to be acceptable provided the structural and nonstructural
components are able to accommodate the deformations and/or to resist the
associated forces imposed. These forces and/or deformations may be
determined in ASCE 41-13 using fixed-base or flexible-base assumptions,
depending on the relative flexibility of the structural footing as compared to
the foundation soil. Where the deformations of the foundation and the soil
are not explicitly captured with a flexible-base analysis, the acceptance
criteria are intended to take into account the actual effect of foundation
flexibility on the structure.

Even when meeting the foundation acceptance criteria, significant
deformation is likely to occur at the foundation, particularly for performance
objectives less stringent than Immediate Occupancy. For shallow
foundations, the response is highly dependent on the total axial load,
including gravity loads and additional axial load due to seismic forces,
during the earthquake. Depending on the magnitude of axial load,
foundation uplift, sliding, ratcheting, and/or settlement can occur. Generally,
rocking foundations that undergo uplift and do not overturn are stable.
However, the occurrence of any of the above mechanisms will dramatically
increase force and deformation demands on the superstructure as compared
to building response under non-earthquake loads or based on analysis using a
fixed-base assumption.

ASCE 41-13 addresses overturning effects on the structure above the footing,
the footing itself, and the foundation soil. Overturning of the structure above
the footing, as illustrated in Figure 5-8, is evaluated for global stability per
the requirements of ASCE 41-13 § 7.2.8. The foundation soil is evaluated
based on ASCE 41-13 Chapter 8 requirements. The structural footing is
evaluated based on the Chapter 8 requirements and the appropriate material
chapter, depending on the type of foundation.
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.

(@) (b)
Overturning of structure above footing Overturning at footing and soil
(ASCE 41-13 § 7.2.8) (ASCE 41-13 Chapter 8 and
material chapters 9-12)
Figure 5-8 Overturning evaluation for structure, footing, and foundation
soil.

In addition to the global stability evaluation of the superstructure overturning
above the foundation, ASCE 41-13 § 7.2.8 requires overturning at the soil-
foundation interface to be evaluated using the provisions of ASCE 41-13
Chapter 8, not ASCE 41-13 Equations 7-5 or 7-6, as was frequently
performed with ASCE 41-06. The original intent of the overturning
evaluation contained in ASCE 41-13 § 7.2.8, as documented in FEMA 273
(FEMA, 1997a), was to address structures and their individual vertical
elements that overturn at their base to confirm global stability. Although
global building overturning is very rare, displacements caused by overturning
elements, such as walls at their base, can result in significant stress to
elements that frame into the wall (or are reliant on the wall to limit
deformations). Elements such as wood-sheathed shear walls may not have
positive attachments between levels, in which case they have a propensity to
overturn at their base (see Figure 5-9).

In keeping with design practice for new buildings using an R-factor in
accordance with ASCE 7, a uor factor is used in ASCE 41-13 § 7.2.8.1 to
assess these types of elements and account for the fact that the LSP and LDP
seismic forces are not reduced (see Section 2.2 of this Guide for a
comparison of ASCE 7-10 and ASCE 41-13 design principles). This
approach recognizes that the available dead load to restore the element from
overturning on a rigid base results in a ductile response and tends to self-right
the wall and prevent the element from tipping over.

ASCE 41-13 § 7.2.8 states that overturning effects on the footing and
foundation-soil interface should be based on ASCE 41-13 Chapter 8.
Therefore, the provisions of ASCE 41-13 § 7.2.8 should not be used to
determine the forces imposed by overturning on the footing and foundation-
soil interface. The primary reason for this is that the soil or deep foundation
does not represent a rigid base; rather, the underlying soil may be subject to
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elastic and plastic behavior, resulting in significant deformation. To
accurately assess and to include this soil flexibility in the structure
assessment, ASCE 41-13 Chapter 8 is to be followed. Within ASCE 41-13
Chapter 8, a rigid base may be assumed, and m-factors are provided that may
be applied to the restoring dead load to resist overturning, as shown in the
example in Section 5.7.4.1 of this Guide, but the reduction of earthquake
forces is much lower to prevent excessive soil yielding.

RESTORING DEAD LOAD

EEEER

NO WALL-FLOOR CONNECTION: ~— OVERTURNING

v
DISCONTINUOUS LOAD PATH RN ,,/ ABOUT TOE
“~ /
— /
I

I
SEISMIC LATERAL LOAD

» <11

j/\a

,— OVERTURNING
/ ABOUT TOE

NO WALL-FLOOR CONNECTION:

DISCONTINUOUS LOAD PATH \ /
/
1 \f / |
< 2
F 4
Figure 5-9 Overturning according to ASCE 41-13 § 7.2.8.

The background to the shallow foundation approach within ASCE 41-13,
which has changed significantly from its predecessors, is to provide
foundation acceptance criteria to include and limit building deformations
arising from foundation deformation. The changes to the foundation
provisions in ASCE 41-13 are summarized in Kutter et al. (2016). The
acceptance criteria are based on the vertical loading, including gravity and
seismic forces, on the footing as well as the shape of the footing. It is
important to note that the vertical load is based on the expected seismic
loading, not the unreduced seismic forces obtained from a linear static
procedure (LSP) or linear dynamic procedure (LDP). The expected seismic
load may be limited by the capacity of a component in the load path and may
be determined from a capacity-based analysis. The elastic force demand
determined from a linear analysis will overestimate the actual expected force
that can be transmitted to the foundation. In this case, the use of the higher
axial seismic force from the linear analysis will yield more stringent

ASCE 41-17

ASCE 41-13 § 8.4.2.4.4 currently
states that if a nonlinear dynamic
seismic analysis (NDP)
“accurately captures
characteristics of settling, soil
plasticity, and gapping, the
acceptability of soil displacements
shall be based on the ability of
the structure to accommodate the
displacements calculated by the
NDP within the acceptance criteria
for the selected performance
objective.” Therefore, in this
case, the acceptance criteria for
the structural components are
used in lieu of the acceptance
criteria for foundations in Chapter
8. However, the subsequent
sentence states: “If these
characteristics are adequately
captured by the NDP, the
acceptability of soil displacements
shall be based on the foundation
rotation limits in Table 8-4.” This
statement contradicis the
previous sentence and has been
corrected in ASCE 41-17 to state:
“If these characteristics are NOT
adequately captured by the NDP,
the acceptability of soil
displacements shall be based on
the foundation rotation limits in
Table 8-4.”
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acceptance criteria than should be required when the expected seismic force
is used. ASCE 41-17 has been modified to clarify this requirement.

Alternatively, if foundation transient and permanent displacements are
explicitly captured in a nonlinear dynamic procedure (NDP), the intent of
ASCE 41-13 is to permit the structure to be evaluated with structural
component acceptance criteria, rather than foundation soil acceptance
criteria, under these displacements. However, ASCE 41-13 § 8.4.2.4.4 is
incorrectly worded and has been corrected in ASCE 41-17. Note that the
analysis procedures to accurately capture permanent foundation deformations
are complicated and are dependent on accurate modeling of soil load-
deformation characteristics. There are new methods available in the industry
to better determine building performance and residual deformations, such as
FEMA P-58 (FEMA, 2012c), but it is important to include foundation
flexibility and post-yield behavior in the analysis to capture the contribution
of foundation displacements on the overall performance of the structure.

5.7.2 Foundation Modeling Approaches

In general, foundation evaluation and design in ASCE 41-13 allows for
separate assessment of deformations due to rocking (overturning), sliding,
and settlement. However, the modeling parameters and acceptance criteria in
ASCE 41-13 are based on rocking-dominant behavior. The standard
provides three methods of modeling and evaluation of shallow foundations.
The selection of the appropriate method is dependent on a fixed (rigid) base
or flexible base (building’s boundary condition) assumption and the
flexibility of the footing relative to the soil. The footing flexibility
assessment should take the soil bearing pressure distribution, for instance,
whether uplift occurs, as well as the strength of the foundation element into
consideration as stated in ASCE 41-13 § 8.4.2.1. Where the foundation is
flexible relative to the soil or yielding of the structural foundation occurs, the
footing is classified as flexible. Methods 1 and 2 are intended for rigid
foundations relative to the soil, and Method 3 is used for flexible foundations
relative to the soil. ASCE 41-13 § 7.2.3.5 introduces foundation modeling
requirements and references ASCE 41-13 Chapter 8 for foundation modeling
and acceptability as well as ASCE 41-13 § 7.2.7 for soil-structure interaction
requirements. The global stability evaluation of ASCE 41-13 § 7.2.8 should
also be performed. Figure 5-10 provides a flowchart to assist with
determining which method is appropriate.

The footing dimension, L, used to assist in determining the footing flexibility
in ASCE 41-13 Equation C8-1 is straightforward for an isolated rectangular
footing. For complex footing geometry, such as L-shaped or basement
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conditions, ASCE 41-13 provides minimal guidance on the appropriate
length. Section 5.6.7.1 of this Guide provides some guidance for a mat
foundation. For other conditions, engineering judgment is required.

Foundation Modeling
(ASCE 41-13 § 7.2.3.5)

W

Fixed-base
assumption?

Is footing rigid?
(ASCE 41-13
§8.4.2.1 and

C8.4.2.1)

Ay
Linear Nonlinear
Method 1 Method 1 Method 2 Method 3
L[  (ASCE41-13 (ASCE 41-13 (ASCE 41-13 (ASCE 41-13
§8.4.2.3) §8.4.2.3) §8.4.2.4) §8.4.2.5)
Figure 5-10 Overall flowchart with reference to sections in
ASCE 41-13.

5.7.2.1 Method 1

Method 1 uses uncoupled moment, shear, and axial springs to model rigid
foundations such that the moment and shear behaviors are independent of the
axial load. Method 1 may be used for any linear or nonlinear procedure
(LSP, LDP, NSP, or NDP). Analysis procedure selection is discussed in
Chapter 4 of this Guide. For linear procedures, the foundation soil is
classified as deformation-controlled and may be modeled as a fixed or
flexible base at the discretion of the engineer, as illustrated in Figure 5-11,
where kv, ksn, and ks represent vertical, horizontal, and rotational stiffness,
respectively.

Where a fixed base is assumed, prescriptive m-factors are applied that are
typically more conservative than with a flexible base assumption, where m-
factors are determined from ASCE 41-13 Table 8-3. For nonlinear
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procedures, the flexibility of the foundation soil is modeled explicitly with

modeling parameters and acceptance criteria per ASCE 41-13 Table 8-4. A

flowchart for the Method 1 procedure is shown in Figure 5-12.

v

_'V

Fixed (Rigid) Base

Figure 5-11

W

ksv L ksr
Flexible Base

Method 1 foundation modeling approaches.

Method 1
(ASCE 41-13 § 84.2.3)

Linear Analysis

J

Yes Fixed Base
Assumption?
Fixed Base
(§8.4.23.2.1)

Note: Not permitted for
10 Performance Level of
buildings that are
sensitive to foundation
movement.

i

Foundation soil is
deformation-controlled.

A k’,-

Flexible Base
(§84.2322)
Foundation flexibility
is modeled using lincar
elastic foundation soil.

|
|

|
i

Foundation soil is
deformation-controlled.

|

\/

Nonlinear Analysis

|
1

A\ WV

Nonlinear Dynamic
Procedure (NDP)
(§84.23.4)

Nonlinear Static
Procedure (NSP)
(§84.23.3)

|
| |
\/ Al

Foundation model with
hysteresis curve including
self-centering,
decentering, pinching of
curve and damping.

Trilinear foundation
springs with
modeling parameters
per Table 8-4.

Evaluate foundation soil with
upper bound component
capacities and axial uplift (where
occurs) with m-factors:

10: m=1.5

Evaluate foundation soil and
axial uplift (where occurs) with
m-factors per Table 8-3 and
upper and lower bounds per
§8.4.2,

LS: m=3.0
CP: m=4.0
Note that § 7.2.8.1 should not be

used for evaluating foundation
and soil components.

Optional; otherwise, retrofit foundation so acceptance criteria are met.

Is acceptance No

criteria met?

Yes

Is acceptance
criteria met?

No further analysis required.

Figure 5-12

A
\/

Foundation soil is
deformation-controlled.

!

\/

Evaluate foundation soil with
acceptance criteria per Table
8-4 and upper and lower
bounds per § 8.4.2.

Retrofit foundation so
acceptance criteria are met.

Method 1 flowchart with reference to sections in ASCE 41-13.
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In ASCE 41-06, the foundation provisions assumed uncapped strength and
infinite soil ductility with no consideration of potential consequences of
foundation rocking such as permanent settlement. ASCE 41-13 requires
foundations to be evaluated in linear procedures with m-factors, similar to
other deformation-controlled structural components. Where a foundation is
evaluated and is shown to be adequate using the m-factors provided in ASCE
41-13, the foundation is expected to experience limited inelastic
deformations due to bearing capacity failure of the soil.

Note that ASCE 41-17 includes a modification to the Method 1 evaluation
for uplift with linear procedures. Method 1 requires the evaluation of two
different actions for linear procedures: soil bearing capacity and overturning
stability. In ASCE 41-13, the same m-factors are applied to both of these
actions. However, uplift due to overturning that overcomes the restoring
dead load is ductile and self-centering as the footing comes back down. Due
to uplift being deemed more ductile and likely self-centering, larger m-
factors are permitted to be applied to the restoring dead load in ASCE 41-17.
These m-factors are similar to the uor factors provided for rigid body rotation
in ASCE 41-13 § 7.2.8.

5.7.2.2 Method 2

As noted in ASCE 41-13 § 7.2.8, Method 2 “is recommended for nonlinear
procedures and is anticipated to be too involved for linear procedures.”
Method 2 provides an alternative approach for rigid foundations that uses a
bed of nonlinear springs that accounts for coupling between vertical loads
and moment. Method 2 is the preferred approach when there is significant
variation in axial load. The moment-rotation and vertical load-deformation
characteristics are modeled as a beam on a nonlinear Winkler foundation
with stiffer vertical springs at the end regions of the foundation to allow for
tuning of the springs to approximately match the elastic vertical and
rotational stiffness provided in ASCE 41-13 Figure 8-2 (see Figure 5-13).
The same modeling parameters and acceptance criteria used in Method 1
apply to Method 2. A flowchart for the Method 2 procedure is shown in
Figure 5-14.

kcnd kmld kcml
- - ” -

End zone Middle zone End zone

Figure 5-13 Method 2 foundation modeling.
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Method 2
(ASCE 41-13 § 8.4.2.4)

Foundation modeled per ASCE 41-13 Fig. 8-5
(ASCE 41-13 § 8.4.2.4.1)

Nonlinear Static Procedure (NSP) Nonlinear Dynamic Procedure (NDP)
(ASCE 41-13 § 8.4.2.4.3) (ASCE41-13 § 8.4.2.4.4)
Foundation flexibility and Foundation modeled with soil springs

strength modeled as nonlinear per which account for hysteretic behavior.

ASCE 41-13 Table 8-4.

Foundation is deformation-
controlled.

Ts foundation explicitly
modeled and accurately
captures settling, soil
plasticity and gapping?

Evaluate foundation soil with
acceptance criteria per ASCE 41-
13 Table 8-4 and upper and lower
bounds per ASCE 41-13 § 8.4.2.

Evaluate structure using upper and lower Evaluate soil displacement with
bounds for soil per ASCE 41-13 § 8.4.2 to acceptance criteria per ASCE 41-13

accommodate displacements with acceptance Table 8-4 with upper and lower

criteria per material-specific chapters. bounds per ASCE 41-13 § 8.4.2.

*Correction from ASCE 41-13 to
ASCE 41-17

Yes Is acceptance No
criteria met?
No further analysis required. Retrofit foundation so acceptance
criteria are met.

Figure 5-14 Method 2 flowchart with reference to sections in ASCE 41-13.

5.7.2.3 Method 3

For non-rigid foundations where the structural foundation is flexible relative
to the soil, Method 3 uses compression-only springs with uniform strength
and stiffness beneath the structural footing (see Figure 5-15). Method 2
utilizes springs of different stiffness at the middle and end zones to model a
rigid foundation with coupled axial and overturning. Method 3 uses springs
with uniform stiffness because the flexible footing is not as sensitive to
coupling between axial and overturning and can redistribute forces based on
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the relative stiffness between the soil and footing. The stiffness used in
Method 3 is based on theoretical solutions for beams and plates in contact
with elastic supports. Foundation rotation due to deformation of the soil is
governed by the same acceptance criteria and the structural foundation
element is also evaluated based on acceptance criteria for the component
itself. A flowchart for the Method 3 procedure is shown in Figure 5-16.

Figure 5-15 Method 3 foundation modeling.
5.7.3 Governing Jurisdiction Discussion

Given the nonlinear complexity of the foundation system and the importance
of providing an effective and cost-efficient retrofit scope, dialogue and pre-
application meetings with the owner, subject matter experts, the governing
jurisdiction, and other stakeholders are highly recommended. This is
particularly true where code interpretations or analysis procedures not
explicitly addressed, such as LSP or LDP with Method 3, are utilized. Since
the findings from the analysis are required to determine which method and
process are most relevant and favorable, ongoing dialogue with all
stakeholders is recommended. In addition to the broader project issues, the
following foundation-specific items are recommended to be considered in
developing the basis of design and design criteria for review and approval
with the aforementioned stakeholders:

e Entire building analysis procedure (LSP, LDP, NSP, or NDP)

e Procedure for classifying foundation flexibility relative to the soil
stiffness

o  What foundation flexibility is included and excluded from the building
model

o Effective foundation sizes for determining A4./A4
e Derivation of axial and moment actions on foundation
e Use of nonlinear analysis

e Procedure for limit-state analysis to determine the expected axial force
including seismic loads by evaluating the maximum force that can be

Useful Ti

Foundation approach, modeling
parameters, and acceptance
criteria should be developed in
collaboration with the Authority
Having Jurisdiction prior fo
developing Consiruction
Documents.
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transmitted to the foundation (note that ASCE 41-17 allows for a
capacity-based determination of axial force)

e Effective footing width and length, where not discernable from the
foundation configuration

e Foundation structure: force-controlled and essentially elastic per ASCE
41-13 § 10.12.3 or deformation-controlled as demonstrated through
ASCE 41-13 §7.5.1.2

Method 3
(ASCE 41-13 § 8.4.2.5)

Linear Analysis* *Note: linear procedure for Nonlinear Analysis
Method 3 in ASCE 41-13 is

not explicitly detailed.

Foundation modeled with linear Winkler Foundation modeled with nonlinear Winkler

springs similar to ASCE 41-13 Method 2 with springs similar to ASCE 41-13 Method 2 with

uniform distribution of stiffness per ASCE 41- uniform distribution of stiffness per ASCE 41-

13 Eq. 8-11, vertical load capacity per ASCE 13 Eq. 8-11, vertical load capacity per ASCE
41-13 Eq. 8-12 and moment capacity per 41-13 Eq. 8-12 and moment capacity per

ASCE 41-13 qu 8-10. ASCE 41-13 Eq. 8-10.
Foundation soil is Foundation soil is
deformation-controlled. deformation-controlled.

Evaluate foundation soil with acceptance Evaluate foundation soil with acceptance
criteria per ASCE 41-13 Table 8-3 and upper criteria per ASCE 41-13 Table 8-4 and upper
and lower bounds per ASCE 41-13 § 8.4.2. and lower bounds per ASCE 41-13 § 8.4.2.

Yes Is acceptance No
criteria met?
No further analysis required. Retrofit foundation so acceptance
criteria are met.

Figure 5-16 Method 3 flowchart with reference to sections in ASCE 41-13.
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5.7.4 Method 1 Example

The following example includes an analysis of an existing shallow
foundation system when a new reinforced concrete shear wall is added
between two existing concrete columns supported on spread footings that are
tied together with a grade beam.

Various foundation configurations are explored, including both I-shaped and
rectangular footings beneath the new shear wall.

The building is evaluated using LSP with Method 1 provisions. The existing
foundation is first assessed with the foundation modeled as a fixed base
(ASCE 41-13 § 8.4.2.3.2.1). The foundation is then evaluated and a retrofit
is designed using a flexible base assumption (ASCE 41-13 § 8.4.2.3.2.2).

The geometric properties of the footing, as defined in Figure 5-17 and Figure
5-18, are given as:

L =331t
B =8ft
o =8ft
tw =21t
h =21t
(N) CONCRETE
SHEAR WALL
/-~ (EYFOOTING
t / — (E) CONCRETE
1 / /| COLUMN
£
t “,c"
5 t
B l ]
| L |
Figure 5-17 Footing and shear wall plan.
mMs('fs
lP
AN
h
* === TET=TE TENTE
Figure 5-18 Footing and shear wall elevation.
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The axial load, P, due to gravity, including the self-weight of the footing, and
seismic loads and overturning moment, M., on the footing at the base of the
shear wall, as defined in Figure 5-18, are given as:

P =494k
Meeis = 33,000 kip-ft

A geotechnical report is available from the original construction of the
building with an allowable bearing pressure for dead (including footing
weight) plus live loads of:

Gallow = 4 ksf (ASCE 41-13 Eq. 8-1)

Therefore, the expected bearing capacity, ¢, is:

qe = 3qaow = 3(4 ksf) = 12 ksf (ASCE 41-13 Eq. 8-1)
The area of the footing, 4y, is:

Ar =2Bt; + (L-2t)tw
— 2(8 fi)(8 ft) + (33 ft— 2(8 fO)(2 1)
=162 f?

5.7.4.1 Method 1 Fixed Base Example

A fixed base assumption is used to perform an initial evaluation of the
existing footing. ASCE 41-13 § 8.4.2.3.2.1 requires the consideration of
both the bearing capacity of the soil and overturning stability, where
overturning is resisted by the restoring dead load multiplied by an m-factor.
The existing foundation condition can be approximated as two isolated
footings coupled together by the essentially rigid superstructure above, as
shown in Figure 5-19. In this case, the web of the footing under the wall is
ignored to simplify the analysis. The loading due to gravity and seismic
loads at the footings of each end are calculated. Note that the axial load, P,
includes only gravity loads in this case.

| A
‘Pgmvl( ‘ Pseis

seis

%_
NU

‘ I grav

cap

A ——
R

Figure 5-19 Method 1 fixed base example.
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Pyav = P/2=(494 k)/2 =247k
Or = Pseis = Mseis/(L — ty) = (33,000 kip-ft)/(33 ft — 8 ft) = 1,320 k
The force demand on the compression footing, Qup, is the sum of the gravity

and seismic forces per ASCE 41-13 Equation 7-34. The gravity load is
determined using the load combination of ASCE 41-13 Equation 7-1.

06 =1.1Pgy=1.1247k)=272k

Oup =Q0¢+Qr=272k+1,320k=1,592 k
The compression force is resisted by the upper-bound bearing capacity of the
soil with an m-factor of 3.0 for the Life Safety Performance Level. Per

ASCE 41-13 § 8.4.2.3.2.1, it is permitted to take the upper-bound bearing
capacity, which per ASCE 41-13 § 8.4.2 is two times the expected capacity.

2ge = 2(12 ksf) = 24 ksf

The axial capacity of the 8-foot square footing is:
Ocr = Payy= (B)(1)(24:) = (8 )8 f)(24 ksf) = 1,536 k
mQce = (3.0)(1,536 k) = 4,608 k
mQce>Qup  OK

To evaluate the overturning stability, the uplift force on the tension side of
the wall is compared to the restoring dead load with an m-factor of 3.0
applied for the Life Safety Performance Level. The tension force is:

QUD = QE:Pscis = 1,320 k

The restoring dead load is based on the factored gravity load calculated with
ASCE 41-13 Equation 7-2:

QCE = 0.9Pgrav = 09(247 k) =222k
mQce =(3.0)(222 k) = 666 k
mQce <Qup  NO GOOD

Therefore, the existing footing is not adequate for overturning stability. As
recommended in ASCE 41-13 § C8.4.2.3.2.1, the foundation will be modeled
as flexible with m-factors from ASCE 41-13 Table 8-3 to further evaluate
and retrofit the existing footing. Note that the structural footing capacity
should also be evaluated as part of the foundation analysis as is done in the
flexible base example. When evaluating the strength of the footing on the
compression side, the expected bearing capacity (not the upper bound
capacity) would be used.
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5.7.4.2 Method 1 Flexible Base Example

In order to find the rocking moment capacity, M., the vertical bearing
pressure, ¢, is calculated:

P =494k — 3,05 ksf

qg =

|% 2|

M.

162 ft?
( _ij (ASCE 41-13 Eq. 8-10)

2 12 ksf
= 6,079 kip-ft

_ (33 f)(494 k)[ 3.05 ksfj

Missing area ratio (MAR) for the I-shaped footing is determined per ASCE
41-13 Figure 8-3 and the terminology in ASCE 41-13 Table 8-3:
Areee = BL = (8 ft)(33 ft) = 264 ft*
Arect - A/’
MAR = ——
ATCCt

264 ft* —162 ft*

264 ft*
=0.39

The critical contact area, A4, is:

a4, =L 2490k o
q, 12 ksf

The critical contact area ratio is:

A 412

oL =025
4, 162 ft?

The length of the contact area, L., is:

2
Lo=A A2 isp
B 8t
B _ 8ft _
I, 5.15f

ASCE 41-13 Table 8-3 is used to interpolate between the Life Safety
Performance Level m-factors considering the length of the contact area and
the critical contact area and missing area ratios shown above. The
corresponding m-factor is found to be m = 2.4.

mM. =2.4(6,079 kip-ft) = 14,590 kip-ft
MOT = sels 33 000 klp ft
mM. < Mor NO GOOD
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If the I-shaped footing is augmented to become a complete rectangle, the
additional footing weight, W4, should be considered in the value of P, since
the bearing capacity is not based on a net allowable bearing pressure and is
defined as the vertical load on the soil at the footing interface:

Waaa = (L —2t,)Bhy
— (33 fi -2(8 f))(8 fi)(2 f)(150 pef/1000) = 41 k
P =494k+41k=535k

The area of the footing, 4y, is:

A = (8 f)(33 ft) = 264 2

The vertical bearing pressure and rocking moment capacity are:

264 ft’
a — G3RE3SL(| 2,03 kst
2 12 ksf
— 7,334 kip-ft

The factors for determining the appropriate m-factor are:

535k

=3P g6
12 ksf
4 612
L M6
4, 264 R
2
Lo =20 s
8 ft
B8 4
L 558t

Next, ASCE 41-13 Table 8-3 is used to interpolate between the Life Safety
Performance Level m-factors considering the A./Arand B/L. values calculated
above. The corresponding m-factor is found to be m =3.17.

mMpz = 3.17(7,334 kip-ft) = 23,249 kip-ft
Mor = Ms.is = 33,000 kip-ft
mM. <Mor NO GOOD

FEMA P-2006 5: Foundations

5-33



An additional 1’-6” of width is provided on each side of the rectangular
footing, resulting in a total width of 11 ft. The total dead load including the
additional footing weight can be calculated as follows:

P =535k+ (3 ft)(33 ft)(2 ft)(150 pcf/1000) = 565 k
The area of the footing, A4y, is:
Ay = (11 ft)(33 ft) = 363 ft?

The vertical bearing pressure and rocking moment capacity are:

= 305K ) 56 kst
363 1
ap, — G366 )| 156 ksf
2 12 ksf
— 8,111 kip-fi

The factors for determining the appropriate m-factor are:

A, = 205K _ 47 g2
12 ksf

A 47.1 ft*

. -4 tz =0.13

A, 363 ft

2

Le SLIAR =428 ft
11 ft

B _ 11ft _

L 428 ft

c

Next, ASCE 41-13 Table 8-3 is used to interpolate between the Life Safety
Performance Level m-factors considering the A./4rand B/L. values calculated
above. The corresponding m-factor is found to be m = 4.6.

mMz = 4.6(8,111 kip-ft) = 37,311 kip-ft
Mor = Mseis = 33,000 klp-ft
mM. > Mor OK

Now that the footing size is adequate, the existing footing is evaluated for
strength. The footing including retrofit is shown in Figure 5-20 and Figure
5-21. The following strength checks, as shown in Figure 5-22, will be
performed on the existing footing:

e Flexure
e One-way shear

e Two-way shear
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<

Figure 5-20 Footing with retrofit.

Two-way shear /¢ ~ Flexure critical section
critical section S
i -
New concrete // s One-way shear critical section
i P
\ — ~ - - g
3 L | \ i = * i]
d| 1d2 d
= —— |
2 LA i i i =—==
7 ; / I K A : T i /
Qe
] n
| 4-6 /
Figure 5-21 Footing retrofit section.

Critical Section

One-way Shear Flexure Two-way Shear
Figure 5-22 Footing strength evaluations.
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Note that shear friction at the interface between the new and existing
concrete would also need to be evaluated, but is outside of the scope of this
example.

The concrete sections are evaluated as force-controlled per ASCE 41-13
§ 10.12.3 with strength calculated per ACI 318-14 (ACI, 2014). The
following information is provided on the construction drawings:

£ =3,000 psi (specified and lower-bound)
fy =60 ksi (specified and lower-bound)
d =20 inches

#6 (@ 12” on center each direction top and bottom

One-way shear is evaluated parallel to the wall with the critical section
located a distance, d, from the face of the wall. A one-foot segment of
footing is evaluated.

The one-way shear demand in the footing is based on the expected bearing
strength, ¢.:

Vi =qd4.5 ft—d)(1 ft)
= (12 ksf)(4.5 ft — 1.67 ft)(1 ft)
=34k

The shear capacity of the one-foot segment is:

Vi =22/fb,d (ACI 318-14 22.5.5.1)
= 2(1.0)4/3,000 psi (12 in.)(20 in.)(1 k/1,000 Ibs)
=26k

Therefore, the existing portion of the foundation is not adequate for one-way
shear and requires retrofit to meet the performance objective.

Flexure is evaluated parallel to the wall with the critical section located at the
face of the wall. A one-foot segment of the footing is evaluated.

The flexural demand in the footing is:
M, =q.(4.5 ft)’(1 ft)/2
= (12 ksf)(4.5 ft)*(1 ft)/2
= 122 kip-ft

The moment capacity of the one-foot segment is calculated using commercial
software and is determined to be:

M, = 47 kip-ft
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Therefore, the foundation also requires retrofit for flexural demands.

Two-way shear (or punching shear) is evaluated where the existing 24-inch
square column transfers the vertical load, P, from the wall to the foundation
due to rocking. P is a force-controlled action determined from ASCE 41-13
Equation 7-35. For this example, Ci, C; and J are 1.0. Q¢ and Qf are the
values determined in the Method 1 fixed base example.

O,
P = = + == ASCE 41-13 Eq. 7-35
Our= @, C.C. ( q )

+& = 1,592 kips
(1.0)(1.0)(1.0)

Alternatively, a limit-state analysis could be performed to determine the
maximum axial force based on the expected soil bearing capacity.

The critical perimeter occurs a distance of d/2 away from the edge of the
concrete column. The length of the critical perimeter is:

by =4(24in+20in)=176in

The two-way shear capacity is given by the lesser of the three equations in
ACI 318-14 §22.6.5.2. For this condition, the governing two-way shear
capacity is:

Ve = 42[fb,d

= 4(1.0)4/3,000 psi(176 in.)(20 in.)
=771k

The two-way shear capacity is less than the axial load, P. Therefore, the
foundation is also inadequate for punching shear. Based on the strength
evaluation, the footing would require additional strengthening beyond that
shown in Figure 5-22. This retrofit could include additional concrete placed
above the footing with dowels into the existing concrete.

5.7.5 Method 2 Example

In this example, soil spring properties are determined for a footing based on
the requirements of the Method 2 procedure. The footing is rigid relative to
the foundation soil and is supporting a concrete shear wall. Soil springs are
initially calculated based on the specific provisions in ASCE 41-13. Then,
soil springs are tuned based on information contained in the source document
from which Method 2 was developed to demonstrate how Method 2 springs
can be calibrated to approximately match Method 1 stiffness.

FEMA P-2006 5: Foundations

5-37



Foundation information:

Rectangular footing

Width, B =6 ft

Length, L =20 ft

Depth, d=2 ft

Section modulus, S = BL*/6 = (6 ft)(20 ft)*/6 = 400 ft*
Design information:

Clayey soil

Site Class D

Sxs=10g

Neo = 25 (from geotechnical engineer)

v =0.35 (from geotechnical engineer)

qc =7.5 kst (from geotechnical engineer)

pa = 2.12 ksf (atmospheric pressure)

Loading information:
P =500k
M =600 kip-ft

Per ASCE 41-13 § 8.4.2.4.1, the stiffness of the footing is represented by
multiple Winkler springs as shown in Figure 5-23. The springs at the ends of
the footing are stiffer than those in the middle of the footing. The springs are
intended to be tuned approximately to match the vertical and rotational
stiffness calculated in Method 1.

# L >
L e ncﬁ' L mid L end
d kend kmid keend

====z=cs===zc====s===

Figure 5-23 Method 2 diagram.

The end length per ASCE 41-13 Figure 8-5 is defined as:
Lend = B/6 =6 ft/6 = 1 foot
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The soil shear modulus for clayey soils may be calculated as:
Go = 20pa(Neo)* " (ASCE 41-13 Eq. 8-5)
=120(2.12 ks)(25)*77 = 3,033 ksf

The effective shear modulus ratio, G/Gy, is taken from ASCE 41-13 Table
8-2 based on site class and Sxs/2.5.

Sxs/2.5=1.0/2.5=0.4—>G/Go = 0.50
G =(G/Gy)Go=0.50(3,033 ksf) = 1,517 ksf

The end and middle stiffness per unit length are given in ASCE 41-13 Figure
8-5.

_ 6.83G  6.83(1,517 ksf) _

Fend = 15,940 kip/fu/ft
—v 1-035

i = 273G OT3ASTTKSD) _y 504 10/f0s¢
—v 1-035

To tune these springs, ASCE 41-13 § C8.4.2.4.1 states that Method 2 springs
should be compared to the vertical and rotational stiffnesses determined from
Method 1. The Method 1 stiffness is calculated per Figure 8-2.

0.75
Kz,sur = GB 155(£j +0.8
1-v B

0.75
_ ST ksH6 )| (20f6)7
1-0.35 6 ft

= 64,747 kip/ft

3 24
Ky, sur = 2{0.47(%) + 0.034}

—v
3 2.4
_ (1,517 ksf)(6 ft) 0.47 20 ft £ 0.034
1-0.35 6 ft
= 4,278,350 kip-ft/radian

The vertical displacement, J.1, of the footing using Method 1 stiffness and the
applied load, as shown in Figure 5-24, is:

St = PIK.s = (500 k/64,747 K/)(12 in/1 ft) = 0.093 in
lP

R E EEEEEEEEEEEENE:

Figure 5-24 Vertical displacement.
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The rotational displacement with Method 1 stiffness, 6, is:

60 = M/K, s = (600 kip-t/4,278,350 kip-ft/radian) = 0.00014 radians

Assuming a rigid body rotation of the footing, the vertical displacement, J,y1,
at the center of end zone of the footing due to the moment, as shown in
Figure 5-25, is:
Oyt = (L/2 — Lend/2)sin(0)
= (20 ft/2 — 1 1t/2)sin(0.00014)(12 inches/1 foot) =0.016 in

Figure 5-25 Rotational displacement.

To compare the Method 2 stiffness to the Method 1 stiffness, the footing may
be modeled with the Method 2 spring stiffness with the vertical and moment
loads applied. The displacement and rotation of the footing can be
determined and compared to the Method 1 results. Alternatively, the
comparison can be performed using hand calculations by comparing
displacement at the center of the end zone under vertical load resisted by all
Method 2 springs and under a moment resisted by the end zone springs only.

The vertical stiffness of all springs under the footing, K-, is the summation of
the stiffness per unit length multiplied by the length.

Kz = end(zLend) + kmid(L - 2Lend)

= (15,940 ksf)(2)(1 ft) + (1,704 ksf)(20 ft — (2)(1 ft)) = 62,552 kip/ft

The vertical displacement, d-2, of the footing using Method 2 stiffness and the
applied load is:

0 = P/K:= (500 k/62,552 kip/ft)(12 in/1 ft) = 0.096 in
The displacement at the center of the end zone due to the moment is

calculated as follows:

f = M/S =600 kip-ft/400 ft*> = 1.5 ksf (at the end of the footing)

The resultant force, F, in the end zone is:

F =[f—(f/(L/2))Lent/2)]BLena
=[1.5 ksf— (1.5 ksf /(20 ft/2))(1 ft/2)](6 ft)(1 ft) = 8.55 k
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The displacement, d,,», at the center of the end zone is:

2 = F/[(kena)(Lena)]
— 8.55 k/[(15,940 kip/f/ft)(1 ft)](12 in/1 ft) = 0.0064 in

In comparing the Method 1 and Method 2 results using the calculated
displacements, the vertical stiffness of Method 2 (62,552 kip/ft) is within 4%
of the Method 1 value (64,747 kip/ft). However, the rotational stiffness
calculated with Method 1 is 2.5 times that calculated with Method 2
(comparing the 0.016 in Method 1 displacement at the center of the end zone
with the 0.0064 in Method 2 displacement at the same location). The
difference in stiffness calculated with Method 1 and Method 2 can vary
significantly depending on the geometry of the foundation.

ASCE 41-13 § 8.4.2.4.1 requires that the Method 2 springs be tuned to
approximately match the stiffness from the elastic solutions used in Method
1, but does not provide specific guidance on how to tune the springs beyond
the reference to Gajan et al. (2010) in ASCE 41-13 § C8.4.2.4.1. Therefore,
it is recommended to utilize information provided in Gajan et al. (2010) to
tune the Method 2 springs by varying the factors used to determine kenq and
kmig. The stiffness intensity ratio, kend/kmid, 1S determined from Figure 5-26

based on the footing aspect ratio, B/L.

B/L =6/20=10.3
kend/kmia =2.6 (Figure 5-26)
10
g
8§ g :
o Analytical Equation
23 ATC40 recommendation
g5 ¢
g ¥
[~
w8 ¢
g -
§ 2
Lo
o 1 L 1 1 1
0 0.2 0.4 0.6 0.8 1
Footing Aspect Ratio, BIL
Figure 5-26 Stiffness intensity ratio versus aspect ratio (Harden

and Hutchinson, 2009).
The end length is determined from Figure 5-27 based on the footing aspect
ratio.
Lend/B =0.33
L = (LJ/B)B=0.33(6 ft) = 2 feet
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Figure 5-27 End length versus aspect ratio (Harden and
Hutchinson, 2009).

To match the rotation calculated in Method 1, F is calculated with the revised
end length in order to determine the target kena:

F =[f—(f/(L/2))(Lena/2)1BLena
= [1.5 ksf— (1.5 ksf /(20 f/2))(2 ft/2)](6 f)(2 ft) = 162 k

kena = F/[(Oyy1)(Lena)]
— (16.2 K)/[(0.016)(1 /12 in)(2 ft)] = 6,075 kip/t/ft

The target kmiq is determined from the stiffness intensity ratio:

kemia = Kend/(kend/kmia) = (6,075 kip/ft/ft)/2.6 = 2,337 kip/ft/ft

K 1s calculated as above:

K. = (6,075 ksf)(2)(2 ft) + (2,337 ksf)(20 ft — (2)(2 ft)) = 61,692 kip/ft

This vertical stiffness of 61,692 kip/ft is within 5% of that calculated with
Method 1 (64,747 kip/ft). Therefore, the revised stiffness values are judged
to be adequately tuned to the elastic stiffness values of Method 1. Where
additional tuning is required, kend and kmig may be varied by trial and error
until both vertical and rotational stiffness approximately match Method 1.

To develop the load-deformation relationship for each spring, the spacing of
the springs must be determined. ASCE 41-13 § 8.4.2.4.2 specifies that the
spacing of the springs be sufficient to capture yielding of the soil at the edge
of the footing under bearing loads and ASCE 41-13 § C8.4.2.4.2
recommends that the spacing be less than L./2. Gajan et al. (2010) suggest a
minimum of 25 springs along the length of the footing. For this example, a
spring spacing, ss,, of 1 foot is selected. The stiffness of the end and middle

springs are:
Kend = Sspkena = (1 £)(6,075 kip/ft/ft) = 6,075 kip/ft
Kmia = Sgpkmia = (1 1£)(2,337 kip/ft/ft) = 2,337 kip/ft
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The expected strength, gy, of the springs is:

Gsp = qeSspB = (7.5 ksf)(1 ft)(6 ft) =45 k
The end spring yield displacement, dyend, is:

Oyend = @sp/Kena = (45 k/6,075 kip/ft)(12 in/1 ft) = 0.09 in
The middle spring yield displacement, dymid, is:

Oymid = qsp/Kmia = (45 k/2,337 kip/ft)(12 in/1 ft) = 0.23 in

Per ASCE 41-13 § 8.4.2.4.2, the tension capacity of the spring shall be set at
zero. The force-deformation curve for each spring is shown in Figure 5-28
and Figure 5-29.

10

=

-30

Axis Force (kips)

-40

=50
-5 -4 -3 -2 -1 0 | 2 3 4 5

Axial Displacement (in)

Figure 5-28 End spring force-displacement curve.
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Axis Force (kips)
& " ‘

-40
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Figure 5-29 Middle spring force-displacement curve.
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The acceptance criteria for the footing are determined based on the following
parameters:

A; =BL=(20 fi)(6 ft) = 120 f

Ae = Plg.= (500 k)/(7.5 ksf) = 67 ft2
Lo =AJB=(67f)/(6f)=112 ft
AdA; = (67 f2)/(120 £12) = 0.56

B/L. =(6ft)/(11.2 ft) = 0.54

Using linear interpolation in ASCE 41-13 Table 8-4, the total footing rotation
for the Life Safety Performance Level is 0.0026 radians. Springs with these
properties would be included in the analytical model and the rotation of the
footing would be evaluated against these acceptance criteria to determine its
adequacy under the design loads. By implementing the nonlinear
methodology, the component actions in the superstructure caused by
foundation deformation are more accurately captured. By meeting the
acceptance criteria, there is greater confidence that potential foundation
settlement issues due to the rocking response under high axial loads have
been avoided.

5.7.6 Method 3 Example

Where a structural footing is found to be flexible relative to the soil, ASCE
41-13 § 8.4.2.1 requires that Method 3 be used (see the flowchart in Figure
5-10). The acceptance criteria for Method 3 are defined in ASCE 41-13 §
8.4.2.5.3, which references ASCE 41-13 Table 8-4 for nonlinear modeling
parameters and total foundation rotation limits. Therefore, all buildings with
“flexible” foundations relative to the soil must be evaluated using either an
NSP or NDP analysis, or at least with nonlinear modeling of the foundation
system based on a limit-state analysis to determine the maximum force that
can be delivered to the foundation. The use of a fixed-base model of the
building superstructure in conjunction with a separate foundation model
using the Method 3 approach for the foundation, a commonly used two-step
analysis, is not permitted. The intent and requirement of Method 3 is to
modify the building response with the incorporation of foundation flexibility.

To achieve accurate bearing areas, A, and soil pressure distribution, a limit-
state analysis is used to derive demands and a nonlinear soil-structure-
interaction analysis is required, which in turn provides expected bending and
shear demands on the foundation structural components. This is not readily
achievable with LSP and LDP procedures; hence, Method 3 adopts nonlinear
modeling parameters and acceptance criteria. The following general
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guidance is provided for nonlinear analysis procedures, followed by an
approach for Method 3 linear analysis procedures.

5.7.6.1 Method 3 Nonlinear Analysis

For nonlinear models (NSP or NDP), the applied loads on the foundation are
based on the expected strength of the components supported by the
foundation in order to provide consistency between the soil bearing pressure
distribution and the structural flexibility of the footing in accordance with
ASCE 41-13 § 8.4.2.1. The foundation rotation capacity is defined per the
foundation rotation acceptance criteria in ASCE 41-13 Table 8-4 and is
compared directly to the rotation at the base of the vertical elements
supported by the foundation at the target displacement. The resultant
demand actions (moment and shear) on the concrete footing are evaluated
and designed in accordance with ASCE 41-13 Chapter 10.

Where buildings have interconnected strip footings that support vertical
elements of the seismic force-resisting system, the footing may be modeled
as a beam element with modeling parameters and acceptance criteria from
ASCE 41-13 Chapter 10. The footing should be modeled with the
appropriate width and with a sufficient quantity of nodes provided along the
its length for the attachment of vertical Winkler springs, which represent the
unit subgrade spring coefficient, k,, (ASCE 41-13 Eq. 8-11). Where the
footing is modeled as a shell element with Winkler springs connected at the
mesh nodes, the tributary area to a node would define the Winkler spring
modeling parameters.

A key step in applying the acceptance criteria is to determine the
compression index factor, 4./As, which requires judgment in determining the
effective, tributary footing size to the vertical element. This is discussed
below using an example from FEMA 274 (FEMA, 1997b) (see Figure 5-30),
which consists of three concrete shear walls on a flexible grade beam
connected (slaved in lateral translation) at the top with a rigid axial link. The
example considers different levels of soil stiffness, represented by K (which
is equivalent to &, in ASCE 41-13), under the limit-state loading from the
concrete shear walls to evaluate the displacement, Dmax, that will occur due to
the foundation flexibility, which would be added to the wall deflection at the
target displacement.

For the topmost case with very flexible soil, the contact area is over half the
length of the footing and there is a linear soil bearing pressure distribution
where in contact with the soil. The three walls are imposing an essentially
rigid body rotation onto the soil, as if they are one solid wall element (see
Figure 5-31).
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In this case, A./Arbased on the entire footing length, L, is deemed
appropriate. The use of Method 1 or 2 could be considered based on this
analysis finding. Continuing with Method 3, the axial load level, P, is the
summation of both the gravity and seismic loads. Where there are no
elements framing into the three walls, the seismic axial load may approach
zero. When there are other elements connected to the walls (either in the
same line or orthogonal), there would be either a downward or upward
seismic axial load to be included in the total axial load, P, for the
determination of A./Arin ASCE 41-13 Table 8-4. For the evaluation of the
rotation demand, a line could be drawn between the centers of the walls at
their base and the rotation angle would be measured to the horizontal axis.

e 52' |
' |
Rigid link Rigid link st a
F [ Shear wall Shear wall B Shear wall | Displacement
A c due to
A foundation
Fo. RS | flexivility
19'
A
Mu ML?
Flexible grade beam
(maximum moment =M, )

====333=3=3 === 307

Foundation stress distribution for different soil stiffnesses
Very flexible soil

-—0 -
Kg =10 kef Apax = 493 ksf\ -2 £
" = _ -4 o
Doy = 386" Mo = 471 ket o
Flexible soil 0
Ks = 100 kef Umax = 4.96 ksf :_2 E
" -4
Doy = 063 Mo = 456 kit Fs O
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K, = 1000 kcf qmax = 8.16 ksf\/ -2 3
" -4
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0
Kg = 2000 kof qmax-mus ks\/ 2
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Dmax 0.21 33. 6 o
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Figure 5-30 Method 3 nonlinear example (from FEMA, 1997b).
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Figure 5-31 Very flexible soil rotation.

For the bottom case with very rigid soil, the left-most wall segment is
uplifting and the other two are rotating as if on individual footings (see
Figure 5-32). In this case, two actions should be evaluated:

o The left-most and center walls should be evaluated as if they share one
footing with the length defined as L; and the axial load equal to the
summation of the loads on those two walls.

e The right-most wall should be evaluated with an 4./Asbased on a footing
length of L, and its associated axial load, P.

The rotation demands are obtained from the effective rotation at the base of
the wall(s).

As can be seen for the cases in between, each one would be approached
based on their soil distribution, which is a reflection of the strip footing
curvature.

Rigic ik~

Shear way,
@
PDGL‘

Figure 5-32 Very rigid soil rotation.

For a more complex building, such as a split-level basement with a mat
foundation, a mesh with the concrete stiffness modified per ASCE 41-13
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Chapter 10 and a similar soil spring approach is recommended. Judgment
regarding the appropriate effective foundation width is required to establish
A/ Ay, and a similar review of the analysis findings, in particular the soil
bearing pressure distribution, can be the basis for determining the width. In
all of these nonlinear cases, the nonlinear Winkler springs should include
zero tension capacity for a shallow foundation to represent gapping (soil
separation from the structure), but need not capture non-recoverable soil
plastic deformation.

If, however, the soil is modeled to explicitly capture settlement and soil
plasticity, which requires an NDP analysis, the intent of ASCE 41-13 is to
allow for the acceptability of the soil displacements to be determined based
on the evaluation of structural components with their acceptance criteria
subject to displacements explicitly captured by the NDP analysis similar to
the provisions for Method 2 in ASCE 41-13 § 8.4.2.4.4. As discussed in
Section 5.7.1 of this Guide, ASCE 41-17 has corrected the wording in this
section to permit this approach.

5.7.6.2 Method 3 Linear Analysis

ASCE 41-13 does not provide guidance on a linear analysis procedure for
Method 3. Approaches have been developed to perform linear analysis using
the Method 3 procedure, but there is no consensus on the appropriate
application of ASCE 41-13 to this procedure and is therefore outside the
scope of this document.

5.8 Shallow Foundation Lateral Load

Shallow foundation lateral load provisions are contained in ASCE 41-13

§ 8.4.2.6 and allow for the use of a simplified passive pressure mobilization
curve (ASCE 41-13 Figure 8-6) to determine what fraction of the ultimate
passive pressure is engaged based on lateral displacement of the footing.
Given the highly nonlinear force-displacement relationship of this curve, it is
not practical to use this curve when developing a lateral spring for use in an
analytical model. Per ASCE 41-13 § C8.4.2.6, the nonlinear force-
displacement response of shallow footings may be characterized as elastic-
perfectly plastic using the initial, effective stiffness and the total expected
capacity in conjunction with the upper and lower bounds previously
described. The effective stiffness may be calculated per ASCE 41-13 § 8.4.2
as discussed in Section 5.6.4 of this Guide or provided by a geotechnical
engineer. The total expected capacity includes contributions from sliding
resistance at the bottom of the footing and passive pressure on the face of the
footing. This force-deformation relationship is adequate to capture the
nonlinear behavior in a practical manner, in lieu of a more complex
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relationship developed using ASCE 41-13 Figure 8-6. As an alternate,
shallow foundation response may be analyzed based on test data.

5.8.1 Shallow Foundation Lateral Load Example

The elastic-perfectly plastic lateral load-deformation relationship (described
above) is determined for the footing from the example in Section 5.6.4.1 of
this Guide, where the translational stiffness, K. sur, was determined to be
30,750 kip/ft. Additional design information is provided:

N =100 k (vertical dead load on footing, including footing weight)
i =0.35 (coefficient of friction)

put = 1,000 pcf (ultimate passive pressure resistance)

The ultimate passive pressure capacity is:

Puc = pud?B/2 = (1,000)(2%)(6)/2 =12 k
The lateral capacity due to traction at the base of the footing is:

T =Nu=(100k)(0.35)=35k
The total lateral load capacity of the footing is:

Pu+T=12k+35k=47k
The load-deformation curve for the footing is then developed using the
stiffness and total lateral load capacity as shown in Figure 5-33. Note that
the upper and lower bounds (calculated in Section 5.6.3) should be evaluated

in assessing lateral foundation component actions.
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Figure 5-33 Lateral load force-deformation curve.

FEMA P-2006 5: Foundations

5-49



5.9 Deep Foundation Evaluation and Retrofit

The approach to evaluation and retrofit of deep foundations in ASCE 41-13
is similar to that for shallow foundations. A fixed-base or flexible-base
assumption may be made for both linear and nonlinear analysis procedures.
For fixed-base linear procedures, the foundation soil is classified as
deformation-controlled, and the capacity is evaluated with m-factors and
upper-bound component capacities. For fixed-base nonlinear procedures, the
foundation soil is classified as force-controlled and upper-bound component
capacities may be used. Where a flexible base is assumed for linear or
nonlinear procedures, the soil is assumed to have unlimited ductility, and soil
strength capacity need not be evaluated. The structural components are
evaluated based on the component acceptance criteria at the selected
Performance Objective to determine their ability to accommodate the soil
displacements. For the nonlinear flexible-base assumption with the
Immediate Occupancy Performance Objective, the structure and foundation
are evaluated based on the permanent, non-recoverable soil displacement. It
is worth noting that ASCE 41-06 had similar infinite ductility assumptions
for shallow foundations, which was removed in the ASCE 41-13 version.

The determination of relative stiffness between the soil and structure is
directly incorporated into the deep foundation procedures and the load-
deformation characteristics are bounded per ASCE 41-13 § 8.4.3. Separate
provisions are required for piles 24 inches or less in diameter and piles
greater than 24 inches in diameter.

e For piles with diameter less than or equal to 24 inches, a simplified
approach assuming flexible piles and rigid soil is used with individual
and group pile stiffness determined by the summation of 4E/L per ASCE
41-13 Equation 8-13.

e For larger piles, a more in-depth analysis is required. The derivation of
axial and overturning force-deformation relationships requires explicit
inclusion of the soil and pile properties, such as p-y (horizontal), ¢-z
(vertical skin friction), and g-z (end bearing) curves, as well as the
appropriate area and flexural structural properties of the pile, in the
numerical model. This approach assumes both pile and soil are flexible,
and that their stiffnesses are in series.

General procedures for deep foundation evaluation and retrofit are outlined
in the flowchart in Figure 5-34.

Geotechnical and structural analyses are recommended where end bearing
piles are subject to uplift or where friction piles are loaded near their upper-
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Is pile diameter
greater than

Foundation capacity based on
interaction of soil and pile
with soil represented by
Winkler springs per ASCE
41-13 §8.4.3.

Fixed-base
assumption?

2477

Linear

analysis?

Stiffness and capacity with
upper and lower bounds
determined per ASCE 41-13
§8.4.3.

Fixed-base
assumption?

Foundation soil is
deformation controlled and
evaluated with m-factors:

10: m=1.5
LS: m=3.0
CP: m=4.0

and upper bound capacities.

Foundation soil is
deformation controlled. Soil
strength need not be
evaluated. Evaluate structure
under soil displacements with
material-specific acceptance
criteria at specified
performance objective.

Base reactions are force
controlled and shall not
exceed upper-bound
component capacities.

No further analysis required.

Figure 5-34

Is acceptance
criteria met?

Foundation soil is
deformation controlled. For
LS and CP, evaluate structure
under soil displacements with
material-specific acceptance
criteria at specified
performance objective. For
IO, evaluate structure under
permanent, non-recoverable
soil displacements.

Retrofit foundation so
acceptance criteria are met.

bound limit. Pile plunging or large permanent deformations are not

considered to have a high probability of occurrence in ASCE 41-13, based on

the assumption that there is significant pile axial overstrength (FEMA 274).

However, soil yielding may cause accumulation of permanent displacements,

similar to shallow foundations. Therefore, cyclic loading and potential

impacts due to settlement are recommended to be discussed and evaluated

Deep foundation evaluation and retrofit flowchart with reference to sections in ASCE 41-13.
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with a geotechnical engineer or subject matter expert with deep foundation
analysis experience.

The bounding requirements provided in ASCE 41-13 § 8.4.3 are important to
follow, particularly where end bearing piles experience uplift since less
tension strength and stiffness are anticipated for bearing piles compared to
friction piles, which will in turn affect the overturning (rocking) stiffness of
end bearing pile groups. Additionally, the soil may not be rigid as assumed
in the procedure for determining axial and overturning stiffnesses for piles
less than 24 inches in diameter. It is important to note that the bounding may
not sufficiently capture the foundation performance in weaker soils or for
highly loaded foundations, where the upper-bound ultimate capacity of the
pile is used.

Lateral loading and deformation on the piles is critical to evaluate.
Displacement compatibility is required between the lateral displacement of
the pile head and the passive pressure on the pile cap. Therefore, the full
lateral pile strength capacity may only be achieved after a flexural hinge
occurs at the top of the pile or at some depth below grade depending on the
soil stiffness relative to the pile stiffness, or yielding of the passive soil
pressure. The adequacy of the pile ductility and determination of when the
hinge forms will depend on the detailing of the pile. The provisions of the
material-specific chapters of ASCE 41-13 along with a soil-structure
interaction analysis are required. See “Limit State Design of Piles, Pile Caps,
and Grade Beams” in SEAOC Blue Book: Seismic Design Recommendations
(SEAOC, 2008a) for further information.

Once the pile, pile group, and passive modelling parameters have been
developed, the distribution of lateral forces in the building can be determined
from the building structural analysis. The distribution of forces may vary
significantly based on the configuration of the building. For example,
considering a pile-supported building with a basement condition without a
robust structural diaphragm interconnecting the foundations, the initial
stiffness of the structural system may attract the earthquake loads to the
perimeter walls. Based on the concentration of loads at those lines of
resistance, lateral yielding may occur at the foundation and cause higher
inter-story drift demands on interior columns. This results in higher shear
and inelastic demands on the gravity columns at that floor, which leads to a
reduced reliability of maintaining vertical load support.

When evaluating deep foundation retrofit options, displacement
compatibility and differential foundation stiffness should be considered per
ASCE 41-13 § 8.7 and § C8.7. The addition of piles in a retrofit or
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underpinning of an adjacent existing foundation locally stiffens the
foundation and may change the load distribution within the building. During
an earthquake, this stiffness incompatibility would likely show more damage
where the existing building transitions from existing shallow foundation to
the pile retrofit portion of the building. The difference in vertical stiffness
will also increase the risk of long-term differential settlement damage,
particularly for unreinforced masonry buildings.

5.10 Kinematic Interaction and Radiation Damping Soil-
Structure Interaction Effects

Soil-structure interaction (SSI) can have an effect on the seismic demands on
a building, which impacts the response of the structure and the foundation
and supporting soil. In the context of ASCE 41-13, SSI includes three
primary sources:

o Flexibility of the foundation at the foundation-soil interface, which can
be incorporated into the analysis through the three methods previously
discussed

e Kinematic effects (base slab averaging and embedment effects) which
influence the accelerations transmitted to the structure

e Foundation damping which dissipates energy through radiation and
hysteretic soil damping

Soil-structure interaction is introduced in ASCE 41-13 § 7.2.7 with specific
provisions contained in ASCE 41-13 § 8.5. Typically, SSI effects will
reduce seismic forces. In these cases, SSI may be included in the structural
analysis at the discretion of the designer, but is not required by ASCE 41-13.
In the rare occasions that SSI effects increase spectral accelerations, such as
for near-field and soft-soil sites, SSI effects must be included in the
evaluation of the structure. NIST GCR 12-917-21 (NIST, 2012) contains
significant background and discussion on the application and effects of soil-
structure interaction.

5.10.1 Example of Kinematic Interaction Effects for 3-Story
Building over Basement

The following example illustrates the calculation of kinematic interaction
effects for a large single story building with a basement. The following
building and seismic characteristics are provided:

e ]-story concrete shear wall building with rigid diaphragms over
basement

e Mat slab foundation

ASCE 41-17 Revision

ASCE 41-17 has a number of
revisions to SSI provisions
including the following:

o The building must be modeled
with flexible base conditions if
kinematic effects are to be
included:;

o RRS, shall not be taken less
than the value calculated with
a maximum embedment of 20
feet; and

o The maximum cumulafive
reduction due fo SSI shall not
be greater than 30%.
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e Embedment depth, ¢ =20 ft (from ground surface to bottom of
foundation)

e Building footprint =250’-0” by 250°-0”

¢ Building period, 7= 0.15 seconds. Note that when calculating base slab
averaging and embedment effects, the building period should be based
on a model with flexible base conditions (soil springs) with stiffness
determined per the requirements for the selected foundation modeling
approach: Method 1 (ASCE 41-13 § 8.4.2.3), Method 2 (ASCE 41-13
§ 8.4.2.4.1), or Method 3 (ASCE 41-13 § 8.4.2.5.1). Building period
determination based on a fixed-base model will result in an
unconservative reduction.

e Soil Site Class D
[ ] SXS =1.00

Since the building is not located in soil Site Classes A, B, E or F, the
diaphragms are rigid, and the foundations are laterally connected by a
concrete slab, both base slab averaging and embedment effects are permitted
to be incorporated into the analysis. Note that these provisions have been
modified in ASCE 41-17.

The effects of base slab averaging are calculated per ASCE 41-13 § 8.5.1.

Area of the foundation footprint:

Avse = (250 £)(250 ft) = 62,500 ft2

Effective foundation size:

be = JA_ =+/62,500 =250 ft < 260 ft (ASCE 41-13 Eq. 8-18)
2xh
by = 0.0001{ - J (ASCE 41-13 Eq. 8-17)
= 0.0001x (Mj ~0.785
S

Note that the period shall not be taken as less than 0.20 seconds for this
calculation, per ASCE 41-13 § 8.5.1.1.

For by <1,
b6 bS blO
Bra= 1l by + =474 (ASCE 41-13 Eq. 8-16)
6 8 10
140785 +0.785¢ 4 075> 0785 0783

2 4 12
=2.16
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The ratio of response spectra (RRS) for base slab averaging is calculated:

RRSpse = 0.25+0.75x% {b%
0

1/2
[ 1-exp(-257) x B,M]} (ASCE 41-13 Eq. 8-15)

1 ) 1/2
= 0.25+0.75x% 1—exp(—2(0.785%))x 2.16
{0.7852 [ p(=2( ) }}
=0.83
Embedment effects are calculated per ASCE 41-13 § 8.5.1.2.

The shear wave velocity at low strains is provided based on a site-specific
geotechnical investigation.

veo =750 ft/s

The effective shear modulus ratio is interpolated from the values in ASCE
41-13 Table 8-2.

Sxs/2.5=1.00/2.5=0.40
G/Go =0.50

n = JG/G, =~0.50 =0.71
The effective shear wave velocity:

Ve =nve=(0.71)(750 ft/s) = 533 ft/s

The RRS factor for embedment is calculated:

2
RRS.= 0.25+0.75x cos[—TﬂeJ (ASCE 41-13 Eq. 8-16)
V

s

=0.25+0.75><cos[ 2720 ft) j

(0.20 s)(533 ft/s)
=0.53

Note that the period shall not be taken as less than 0.20 seconds for this
calculation and RRS, must be greater than or equal to 0.50 per ASCE 41-13
Equation 8-19.

Therefore, the total reduction is the spectral acceleration due to kinematic
interaction effects is:

RRShsa x RRS. = (0.83)(0.53) = 0.44

The combined effect of base slab averaging and embedment should also not
be less than 0.50 per ASCE 41-13 § 8.5.1. The spectral acceleration used for
the calculation of the pseudo lateral force is modified to account for
kinematic interaction effects:
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Sys = (0.50)(1.00g) = 0.50g

Note that ASCE 41-17 § 7.2.7 has been modified to limit the total reduction
of pseudolateral force and target displacement due to SSI to 30% of that
calculated without SSI.

5.10.2 Discussion of Foundation Damping

ASCE 41-13 § 8.5.2 addresses foundation damping. Inertial interaction
effects, such as foundation damping, typically have a larger impact on stiff
structures, such as shear wall or braced frames, which are supported by softer
soils. NIST GCR 12-917-21 discusses a variety of parameters that can be
used to evaluate the effect of foundation damping on a structure. The most
important parameter is the structure-to-soil stiffness ratio, #/(V;T), where 4 is
the height to the center of mass of the first mode shape, V is the shear wave
velocity and 7 is the building’s fundamental period. Foundation damping
can increase significantly with higher structure-to-soil stiffness ratios; 4/(V,T)
values of less than 0.1 (flexible building on stiff soil or rock) typically
indicate negligible inertial SSI effects, and larger /4/(V,T) ratios generally
relate to more significant effects. Note that the foundation damping
equations in the NIST document are different than those presented in ASCE
41-13; the NIST equations are incorporated into the foundation provisions of
ASCE 41-17.

5.11 Liquefaction Evaluation and Mitigation

A number of seismic-geologic site hazards are addressed in ASCE 41-13

§ 8.2.2, including fault rupture, liquefaction, settlement, landsliding, and
flooding, as well as mitigation approaches in ASCE 41-13 § 8.3. This
section focuses on the qualitative liquefaction provisions in ASCE 41-13

§ 8.2.2.2, which provides a general framework for the designer and the
Authority Having Jurisdiction to utilize in determining the scope and extent
of the liquefaction analyses and the impact of liquefaction on the structure.
Because of the complexity and uncertainties with liquefaction, it is
recommended that a geotechnical specialist be consulted as required. Where
liquefiable soils are present, the liquefaction analyses should include
potential liquefaction-induced effects such as lateral spreading, settlement,
slope stability, bearing capacity failure, and flotation of buried structures.

In general, the effects of liquefaction are evaluated with three analyses:

e Upper bound: ASCE 41-13 § 8.2.2.2.1 requires a mathematical model
with a flexible foundation condition be analyzed assuming no
liquefaction has occurred.
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e Lower bound: ASCE 41-13 § 8.2.2.2.1 requires a mathematical model
with a flexible foundation condition be analyzed with seismic hazard
parameters, response spectrum, or acceleration response histories
modified to account for liquefaction. Strength and stiffness of the
foundation is also reduced based on the effects of liquefaction.

e Post-liquefaction: ASCE 41-13 § 8.2.2.2.2 requires a nonlinear
mathematical model to be analyzed with estimated differential settlement
and lateral spreading applied to foundation elements to assess the
structure following liquefaction.

Mitigation recommendations for liquefaction, along with other seismic-
geologic site hazards, are briefly discussed in ASCE 41-13 § 8.3 and § C8.3.
In some cases, it may not be economically practical to retrofit the structure or
provide ground improvements to mitigate the hazards.
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Chapter 6

Tier 1 Screening and
Tier 2 Deficiency-Based
Evaluation and Retrofit

6.1 Overview

This chapter provides discussion and example application of the Tier 1
screening and Tier 2 deficiency-based evaluation and retrofit procedures
presented in ASCE 41-13 (ASCE, 2014). The Tier 1 and 2 procedures
provide design professionals a quick and effective method to screen
buildings for potential deficiencies and to focus on evaluating and potentially
retrofitting only the deficiencies discovered. The Tier 3 systematic
evaluation procedure is much more detailed and thorough and is addressed in
the remaining chapters and example problems of this Example Application
Guide. The Tier 1 and Tier 2 procedures are discussed in detail below
followed by an example of a tilt-up concrete building to demonstrate the
application of these methods.

6.2 Tier 1 Screening (ASCE 41-13 Chapter 4)

The Tier 1 Screening Procedure is effective at quickly identifying potentially
hazardous seismic deficiencies in a building by using checklists and quick
check calculations of major building components. This procedure is limited
to specific common building types as outlined in ASCE 41-13 § 3.3.1 and
Table 3-1 and the number of stories in ASCE 41-13 Table 3-2. The method
is structured to assess buildings to the Basic Performance Objective for
Existing Buildings (BPOE) at either the Immediate Occupancy (I0) or Life
Safety (LS) Performance Levels as outlined in ASCE 41-13 Table 2-1. The
Tier 1 procedure is not applicable to Basic Performance Objective Equivalent
to New Building Standards (BPON).

The Tier 1 procedure requires only a single level assessment to the BSE-1E
Seismic Hazard Level, which is unlike the Tier 3 procedure that requires a
two-level assessment when evaluating to the BPOE. The Tier 1 procedure
does not require an assessment to the BSE-2E Seismic Hazard Level as it
implies the structure is deemed to comply with this seismic hazard.

ASCE 41-17 Revision

The seismic hazard used in the
Tier 1 and Tier 2 procedures in
ASCE 41-17 changes from BSE-1E
to BSE-2E for Risk Category |
through Il buildings along with
corresponding performance level
changes to the Quick Check
procedures and evaluation
statements from Life Safety to
Collapse Prevention. Risk
Category IV buildings are
assessed in ASCE 41-17 for both
the BSE-1E and BSE-2E seismic
hazards. The increase in seismic
hazard is effectively offset by the
relaxafion in Performance Level
and should result in only minimal
change between ASCE 41-17 and
ASCE 41-13.
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The Tier 1 procedure utilizes checklists to quickly screen for deficiencies.
The standard provides these checklists for evaluating each common building
type, nonstructural components, and foundations for various levels of
seismicity and performance levels. ASCE 41-13 Table 4-7 provides a matrix
of the required checklists that can be found in Chapter 16. These checklists
are available in electronic format for purchase from ASCE to be easily
incorporated into a seismic evaluation report.

If the building complies with the benchmark buildings indicated in ASCE
41-13 Table 4-6 and the review and assessment provisions of ASCE 41-13
§ 4.3.1 through § 4.3.4, then the building is deemed to comply with BPOE,
and no further evaluation or checklists for the building are required.
However, the nonstructural checklists are still required. The review and
assessment provisions of ASCE 41-13 § 4.3.1 through § 4.3.4 include
confirming that the building is in substantial compliance with the building
code under which it was designed. This is not an exhaustive check, but the
evaluating engineer should verify that the lateral system proportioning and
element detailing appear to meet the minimum requirements of that code.

When performing a Tier 1 screening, an on-site investigation and condition
assessment of the building are necessary. Material testing is not required,
and it is permitted to use default material values indicated in ASCE 41-13

§ 4.2.3. There is no need to apply a knowledge factor when using the Tier 1
procedure as it is built into the procedure.

At the conclusion of completing the applicable checklist for the building, all
the “noncompliant” and “unknown” items require further investigation to
demonstrate compliance with the applicable performance objective. In order
to pass the Tier 1 screening, all “unknown” items need to be investigated
until the information becomes known and the item can be fully assessed.

The “noncompliant” items should be evaluated with the Tier 2 procedure in
order to comply with the BPOE performance objective. At the evaluating
engineer’s discretion, the “unknown” items can be investigated as part of the
Tier 2 procedure during a more thorough investigation; however, the building
would not be deemed to pass a Tier 1 screening with “unknown” items.

6.3 Tier 2 Deficiency-Based Evaluation and Retrofit
(ASCE 41-13 Chapter 4)

The Tier 2 deficiency-based evaluation and retrofit procedure is used after
completion of the Tier 1 procedure. The process is to perform a more
detailed evaluation of the “noncompliant” and “unknown” items identified in
the Tier 1 procedure, and if the item is still determined to be noncompliant,
then the building is deemed to not comply with the targeted Performance
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Objective. The building or the deficient component may be retrofitted and
Tier 1 checklist revised to satisfy the targeted Performance Objective. Each
checklist statement in ASCE 41-13 Chapter 16 references an applicable
section in the Tier 2 procedure for further evaluation. ASCE 41-13 Figure
5-1 illustrates the Tier 2 evaluation process and is helpful in providing
guidance on how to evaluate various components of the building.

Based on the “noncompliant” items identified in the Tier 1 procedure, the
Tier 2 procedure may require a full building analysis in order to determine
the demands on the potentially deficient items. Per ASCE 41-13 § 5.2.4,
only linear analysis methods are permitted for the Tier 2 procedure. If
nonlinear analysis methods are to be used, the Tier 3 procedure is required.
When determining the capacity of elements in the Tier 2 procedure, ASCE
41-13 § 5.2.6 requires the knowledge factor to equal 0.75 unless data
collection and material testing comply with ASCE 41-13 § 6.2.4. See
Section 6.6.1 of this Guide for further discussion on knowledge factors.

The intent of the Tier 2 deficiency-based procedure is to limit the scope of
the evaluation or retrofit to only those “noncompliant” and “unknown” items
identified in the Tier 1 procedure. This is a much simpler and focused
approach as compared to the Tier 3 procedure where all the components of
the building are evaluated. As with the Tier 1 procedure, the Tier 2
procedure uses a single-level assessment to the BSE-1E Seismic Hazard
Level, which is unlike the Tier 3 procedure that requires a two-level
assessment when evaluating to the BPOE.

The scope of the Tier 2 deficiency-based retrofit need not expand beyond
what is necessary to modify the building to comply with the Tier 1 screening
or Tier 2 deficiency-based evaluation. The strengthened building should be
evaluated to confirm that the strengthened building complies with the
intended Tier 1 and Tier 2 performance objective to ensure that the
strengthening did not simply shift the deficiency to another critical
component. ASCE 41-13 § 2.2.3 addresses similar concerns when
addressing Limited Performance Objectives and Partial Retrofit Objectives
by requiring that the retrofit design not result in a reduction in the Structural
Performance Level, not create a new structural irregularity or make an
existing structural irregularity more severe, and not result in an increase in
the seismic force to any component that is deficient in capacity to resist such
forces.

Commentary

The provisions in ASCE 41-13

§ 2.2.3 require the refrofit
design for Limited Performance
Objectives to essentially not result
in a worse condition for the
existing components.
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Example Summary

Building Type: P(l
Performance Objective: BPOE
(Basic Performance Objective for
Existing Buildings) — Life Safety
Performance at BSE-1E Seismic
Hazard Level

Risk Category: II
Location: Anaheim, California
Level of Seismicity: High

Evaluation Procedure: Tier 1
and Tier 2

Analysis Procedure: Linear
Static (LSP)

Reference Documents:
NDS-2012

SDPWS-2008

ACI 318-11

AISC360-10

6.4 Example Building Tilt-up Concrete (PC1)
6.4.1 Overview

The example illustrates the seismic evaluation and retrofit of a 1960s tilt-up
warehouse building with a panelized wood roof system using the ASCE
41-13 Tier 1 Screening Procedure and the Tier 2 Deficiency-Based Retrofit
Procedure. The roof is framed with glued laminated (glulam) beams, purlins,
and plywood sheathed diaphragm as illustrated in Figure 6-1. The walls are
precast concrete tilt-up panels. The foundation system is continuous spread
footings. The example utilizes the same building (shown in Figure 6-1) and
Level of Seismicity as the example in Chapter 3 of the 2009 IEBC SEAOC
Structural/Seismic Design Manual (SEAOC, 2012) to provide a direct
comparison to the procedure in Chapter A2, Earthquake Hazard Reduction in
Existing Reinforced Concrete and Reinforced Masonry Wall Buildings with
Flexible Diaphragms, of the International Existing Building Code (ICC,
2012b).

This example illustrates the process of performing a Tier 1 screening of the
entire building to identify potential deficiencies and applying the Tier 2
procedure to evaluate the potential deficiencies and to strengthen only those
elements the Tier 2 procedure confirmed as deficient with regard to the roof-
to-wall anchorage and subdiaphragm analysis for east-west loading and the
collector analysis along Gridline B.

This example illustrates the following:
e Section 6.4.2: Illustrate building geometry and identify building loads

e Section 6.4.3: Identify the selected performance objective for the Tier 1
and 2 procedures (ASCE 41-13 Table 2-1)

e Section 6.5: Assess Tier 1 eligibility and identify Tier 1 checklists
required (ASCE 41-13 Table 3-2, Table 4-6, Table 4-7)

e Section 6.5.1: Calculate pseudo seismic force for use in completing Tier
1 checklist statements (ASCE 41-13 § 4.5.2.1)

e Section 6.5.2: Complete Tier 1 checklists (ASCE 41-13 Chapter 16 and
Appendix C)

e Section 6.5.3: Summary of Tier 1 screening noncompliant items

e Section 6.6: Overview of scope of Tier 2 evaluation and retrofit (ASCE
41-13 Chapter 5)

e Section 6.6.1: Outline the data collection program and resulting
knowledge factors (ASCE 41-13 § 5.2.6)
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Figure 6-1 Tilt-up building geometry.
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e Section 6.6.2: Determine out-of-plane wall-roof anchorage loads, and
evaluate sub-purlin-to-wall anchorage, adhesive anchor, development of
load into diaphragm, and purlin for combined bending and axial tension
loading for east-west direction loading only (ASCE 41-13 § 5.7.1.1,
§5.2.4,and § 7.2.11)

e Section 6.6.3: Evaluate the subdiaphragm, subdiaphragm chord, and
diaphragm continuous crosstie for wall anchorage loading in east-west
direction loading only (ASCE 41-13 § 5.6.1.2, § 7.2.11)

e Section 6.6.4: Determine pseudo seismic forces on roof diaphragm in
order to evaluate collector at Gridline B (ASCE 41-13 § 7.4.1.3)

e Section 6.6.5: Evaluate the collector and connections at Gridline B
(ASCE 41-13 § A5.2.1,§7.5.2.1.2)

e Section 6.6.6: Summary of Tier 2 retrofit

The following items are not addressed in this example:

e Tier 1 screening or Tier 2 evaluation and retrofit of nonstructural
components

e Tier 2 evaluation and retrofit of roof-to-wall anchorage for north-south
loading direction

e Tier 2 evaluation and retrofit of subdiaphragms for north-south loading
direction

e Tier 2 evaluation and retrofit of collectors at re-entrant corner along
Gridline 2

e Tier 2 evaluation and retrofit of out-of-plane analysis of panels (see
Section 4.7 of this Guide for similar example of reinforced masonry wall
for out-of-plane loading)

6.4.2 Building Geometry and Loads
6.4.2.1 Building Geometry

The building is a one-story concrete tilt-up warehouse constructed in the
1960s as shown in Figure 6-1. The roof is framed with glued laminated
beams, purlins, and plywood roof sheathing using a panelized system. The
connection details between roof elements and walls are shown in Figure 6-2
to Figure 6-4. The floor is slab-on-grade, and the walls are supported by
continuous footings.
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(E) plywood
e sheathing
bS
P i
e (E)4x8 X(E)4x14
Pt ledger purlin
v, ] -'.
-] (E) 6" concrete wall
v 4 E
Figure 6-3 Section at purlin support at ledger.
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Figure 6-4 Existing sub-purlin support at ledger.

6.4.2.2 Building Information and Loads

The following building information is based on the existing building
drawings and on-site investigation:

Date built: 1967

e Seismic and site data:

o Location: Anaheim, California

o Site Class: D

o Risk Category: II (warchouse)
e Building story height: One-story, 21 feet
e Walls

o Thickness: 6 inches

o Height: 23 feet

o Reinforcing steel: #5 at 16 inches on center vertical and #5 at 18
inches on center horizontal

o Reinforcing steel strength: 60,000 psi
o Concrete strength: 3,000 psi

o Normal weight concrete: 150 pcf

o Dead load: 75 psf (= W,y)

e Roof (material design values of wood components obtained from
ANSI/AWC NDS-2012, National Design Specification for Wood
Construction (AWC, 2012) Supplement)

o Diaphragm sheathing: 15/32-inch wood structural panel (Structural
1), 10d at 4/6/12 pattern (boundary, edge, field), blocked

6-8 6: Tier 1 Screening and Tier 2 Deficiency-Based FEMA P-2006
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o Girders: 6%x31% glulam beam girders — 24F-V4 DF/DF for simple
span and 24F-V8 DF/DF for spans with cantilevers

o Purlins: 4x14 Douglas Fir-Larch, Select Structural
o Sub-purlins: 2x4 Douglas Fir-Larch, No. 1

o Ledger: 3x6 and 4x8 Douglas Fir-Larch, No. 1

o Dead load: See Table 6-1.

o Live load: 20 psf, reducible

Table 6-1 Roof Dead Loads

| Dead Load
Component (psf)
Roofing (3 layers rolled roofing) 3.0
Sheathing (15/32-inch) 1.4
Sub-purlins (2x4 at 24 inches on center) 0.7
Purlins (414 at 8 feet on center) 1.4
Girders (6%/4x31"- glulam beams) 2.2
Ceiling (5/8-inch gypsum board) 3.1
MEP/miscellaneous components* 2.2
Total 14.0

* No partition allowance included.
e Wall anchorage

o Girders: Steel seat, see Figure 6-2

o Purlins: Ledger anchor bolt, see Figure 6-3

o Sub-purlins: Ledger anchor bolt, see Figure 6-4
e Collector connections at re-entrant corner

o Line B: Steel bucket, see Figure 6-27

o Line 2: None
e Material properties of new components

o Light-gauge metal strap yield and tensile strength, £, = 50,000 psi and
fu= 65,000 psi (per manufacturer’s evaluation report)

o Anchor rod yield strength, f, = 36,000 psi
6.4.3 Performance Objective

In accordance with ASCE 41-13 § 4.1.2 and § 5.2.1, the Performance
Objective is the Basic Performance Objective for Existing Buildings (BPOE)

FEMA P-2006 6: Tier 1 Screening and Tier 2 Deficiency-Based
Evaluation and Retrofit

6-9



Useful Ti

The Tier 1 checklists contained in
ASCE 41-13 Appendix C are
available os fillable PDF forms
and can be purchased through
ASCE Library at the following
website: hitp://ascelibrary.org
/doi/hook/10.1061/97807844
78660.

The format used in this example
uses the same format as the
examples illustrated in ASCE 31-3
Appendix A (ASCE, 2003). Note
that this format is different than
the fillable PDF forms available
through the ASCE Library above,
but the overall approach is the
same.

using the BSE-1E Seismic Hazard Level, and per ASCE 41-13 Table 2-1 for
Risk Category II, the Life Safety Performance Level will be evaluated.

6.5 Tier 1 Screening of Example Building

In accordance with ASCE 41-13 § 3.3.1.1, the Tier 1 procedure requires that
the building comply with one of the common building types in ASCE 41-13
Table 3-1 and meet the limitations on size (number of stories) in ASCE
41-13 Table 3-2. This building clearly complies with the PC1 definition in
ASCE 41-13 Table 3-1. Prior to entering ASCE 41-13 Table 3-2, the Level
of Seismicity needs to be determined.

The Level of Seismicity is determined in accordance with ASCE 41-13 Table
2-5 and is computed with the mapped BSE-2N response acceleration
parameters to calculate the BSE-1N Seismic Hazard Level. The BSE-2N
response acceleration parameters obtained through the online tools as
described in Section 3.3 of this Guide and are as follows for this site:

=1.500g

Ss.BSE-2N
Siaseaon =0.579g

Spssen = (2/3)FuSs.aseov = (2/3)(1.00)(1.500g) = 1.000g > 0.5g
Sp1.aseiy = (2/3)FuS1,se2v = (2/3)(1.500)(0.579g) = 0.579g > 0.2¢g

Per ASCE 41-13 Table 2-5, the Level of Seismicity is High.

The number of stories is not more than the two-story limitation in ASCE
41-13 Table 3-2 for High Level of Seismicity, so the building qualifies for
the Tier 1 procedure. However, the building does not qualify as a
Benchmark Building indicated in ASCE 41-13 Table 4-6 since this 1960s
tilt-up was constructed before the 1997 Uniform Building Code (ICC, 1997)
and is not deemed to comply, so the structural checklists are required to be
completed.

In accordance with ASCE 41-13 Table 4-7 for High Level of Seismicity and
Life Safety Performance Level, the following checklists from ASCE 41-13
Chapter 16 are required:

e Life Safety Basic Configuration Checklist (ASCE 41-13 § 16.1.2LS)

e Life Safety Structural Checklist for Building Type PC1 (ASCE 41-13
§ 16.12LS)

o Life Safety Nonstructural Checklist (ASCE 41-13 § 16.17): This is not
included as part of this example.
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In accordance with ASCE 41-13 § 4.2.1, an on-site investigation was
conducted to verify general conformance of the existing conditions to
provided construction documents. These documents provided the
information contained in Section 6.4.2 of this Guide. The investigation
followed the general recommendations of ASCE 41-13 Table 4-1, and no
defects or deterioration were discovered. The investigation included a site
assessment of the exterior and interior of the building, and there was no
evidence of settlement, cracks, or distress in the concrete wall panels and the
wood framing did not have visible evidence of decay, distress, or damage.

6.5.1 Pseudo Seismic Force

The Tier 1 screening checklists require analysis using the Quick Check
procedure, which are used to calculate the stiffness and strength of certain
building components. This requires the pseudo seismic force to be calculated
in accordance with ASCE 41-13 § 4.5.2.1.

As discussed in Section 6.2 of this Guide, the Tier 1 screening procedure is
based on the BSE-1E Seismic Hazard Level. The spectral response
acceleration parameters, Sys and Sxi, for the BSE-1E Seismic Hazard Level
have been obtained through the online tools as described in Section 3.3 of
this Guide for this site are:

Sxspse-1ie = 0.801g
Sx1,sse-1e = 0.443g

Pseudo seismic forces are computed per ASCE § 4.5.2.1 as follows:

Vo =CSW (ASCE 41-13 Eq. 4-1)
where:
C = 1.0 per ASCE 41-13 Table 4-8, building type PC1
Sa = response spectral acceleration parameter at the

fundamental period of the building

s
Supse1p = —2PEIE < g (ASCE 41-13 Eq. 4-4)

= O x5, BSE-1E
T

The building fundamental period, 7, is calculated using the
empirical period formulation in accordance with ASCE
41-13 § 4.5.2.4, as follows:

T = Ch’ =(0.020)(21 ft)** = 0.20 seconds
where:

C: =0.020 for all other framing systems

FEMA P-2006 6: Tier 1 Screening and Tier 2 Deficiency-Based
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h, = height above the base to the roof level = 21 ft

£ =0.75 for all other framing systems

SuBSElE =— =2.22g , but exceeds Sxszse-1£ = 0.80g,

therefore,
Sa =0.80g
W is the effective seismic weight of the building.

V. =CS.W=(1.0)(0.80g)W=0.80W
6.5.2 Tier 1 Checklists

In this section, the checklist items are indicated in italics (printed with
permission from ASCE) and its evaluation pertaining to the example building
follows each checklist item. Each evaluation statement is marked
“compliant” (C), “noncompliant” (NC), “not applicable” (N/A), or
“unknown” (U). Each statement refers to ASCE 41-13 Appendix A for
additional commentary. Each checklist is segregated into “Low Seismicity,”
“Moderate Seismicity,” and “High Seismicity.” For the High Level of
Seismicity, the checklist items associated with Low and Moderate Seismicity
are also required to be completed.

Life Safety Basic Configuration Checklist (ASCE 41-13 § 16.1.2LS)
Low Seismicity

Building System

General

@NC N/A U LOAD PATH: The structure shall contain a complete,
well-defined load path, including structural elements
and connections, that serves to transfer the inertial
forces associated with the mass of all elements of the
building to the foundation. (Commentary: Sec.
A.2.1.1. Tier 2: Sec. 5.4.1.1)

The building contains a complete load path. However,
the collectors at the re-entrant corner are deficient and
are addressed in the checklist item “TRANSFER TO
SHEAR WALLS” below.

C NC U ADJACENT BUILDINGS: The clear distance between
the building being evaluated and any adjacent

6-12 6: Tier 1 Screening and Tier 2 Deficiency-Based FEMA P-2006
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building is greater than 4% of the height of the shorter
building. This statement need not apply for the
following building types: W1, WIA, and W2.
(Commentary: Sec. A.2.1.2. Tier 2: Sec. 5.4.1.2)

There are no adjacent buildings; item is not applicable.

MEZZANINES: Interior mezzanine levels are braced
independently from the main structure or are anchored
to the seismic-force-resisting elements of the main

structure. (Commentary: Sec. A.2.1.3. Tier 2: Sec.
54.13)

The building contains no mezzanines; item is not
applicable.

Building Configuration

cne@u

CNCU

c neQA U

WEAK STORY: The sum of the shear strengths of the
seismic-force-resisting system in any story in each
direction is not less than 80% of the strength in the

adjacent story above. (Commentary: Sec. A2.2.2. Tier
2: Sec. 5.4.2.1)

The building is one-story; item is not applicable.

SOFT STORY: The stiffness of the seismic-force-
resisting system in any story is not less than 70% of
the seismic-force-resisting system stiffness in an
adjacent story above or less than 80% of the average
seismic-force-resisting system stiffness of the three
stories above. (Commentary: Sec. A.2.2.3. Tier 2:
Sec. 5.4.2.2)

The building is one story; item is not applicable.

VERTICAL IRREGULARITIES: All vertical elements
in the seismic-force-resisting system are continuous to
the foundation. (Commentary: Sec. A.2.2.4. Tier 2:
Sec. 5.4.2.3)

The building does not contain any discontinuous
vertical elements.

GEOMETRY: There are no changes in the net
horizontal dimension of the seismic-force-resisting

FEMA P-2006
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system of more than 30% in a story relative to
adjacent stories, excluding one-story penthouses and
mezzanines. (Commentary: Sec. A.2.2.5. Tier 2: Sec.
54.24)

The building is one story; item is not applicable.

C NC U  MASS: There is no change in effective mass more
than 50% from one story to the next. Light roofs,
penthouses, and mezzanines need not be considered.
(Commentary: Sec. A.2.2.6. Tier 2: Sec. 5.4.2.5)

The building is one story; item is not applicable.

@NC N/A U  TORSION: The estimated distance between the story
center of mass and the story center of rigidity is less
than 20% of the building width in either plan
dimension. (Commentary: Sec. A.2.2.7. Tier 2: Sec.

5.4.2.6)

The building has well-distributed perimeter walls that
are essentially rigid with a flexible diaphragm,
therefore it is compliant for torsion.

Useful Ti

The California Geologic Survey
under the Department of
Conservation maintains
regulatory maps of faul,
liquefaction, and landslide zones
in accordance with the Alquist-
Priolo Earthquake Fault Zoning
Act (1972) and Seismic Hozards
Mapping Act (1990). The maps
are available at the following
website: hitp://maps.conser
vation.ca.gov/cgs/information
warehouse/index.htmlI?map=req

ulatorymaps

Other states in regions of high
seismicity have similar mapping
projects.

Moderate Seismicity: Complete the Following Items in Addition to the
Items for Low Seismicity.

Geologic Site Hazards

@\’C N/A U LIQUEFACTION: Liquefaction-susceptible,
saturated, loose granular soils that could jeopardize
the building’s seismic performance shall not exist in
the foundation soils at depths within 50 ft under the
building. (Commentary: Sec. A.6.1.1. Tier 2: 5.4.3.1)

The site does not contain liquefaction-susceptible soils
based on a review of the Anaheim Quadrangle Seismic
Hazard Zones map published by the California
Department of Conservation, Division of Mines and
Geology shown in Figure 6-5.

@NC N/A U  SLOPE FAILURE: The building site is sufficiently
remote from potential earthquake-induced slope

failures or rockfalls to be unaffected by such failures
or is capable of accommodating any predicted
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movements without failure. (Commentary: Sec.
A.6.1.2. Tier 2: 5.4.3.1)

The site is generally flat and remote from slopes
susceptible to earthquake-induced slope failures or
rockfalls. A review of the Anaheim Quadrangle
Seismic Hazard Zones map, published by the
California Department of Conservation, Division of
Mines and Geology, shown in Figure 6-5 does not
indicate any earthquake-induced landslides in the
region.

Figure 6-5 Seismic hazard zones map
of Anaheim quadrangle
with approximate site
location indicated.

@NC N/A U  SURFACE FAULT RUPTURE: Surface fault rupture
and surface displacement at the building site are not
anticipated. (Commentary: Sec. A.6.1.3. Tier 2:
5.4.3.1)

FEMA P-2006 6: Tier 1 Screening and Tier 2 Deficiency-Based 6-15
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The site does not contain active faults in the vicinity
based on a review of the California Department of
Conservation, Division of Mines and Geology
mapping portal website for the Anaheim Quadrangle.

High Seismicity: Complete the Following Items in Addition to the Items
Jor Low and Moderate Seismicity.

Foundation Configuration

@VC N/A U OVERTURNING: The ratio of the least horizontal
dimension of the seismic-force-resisting system at the
foundation level to the building height (base/ height) is
greater than 0.6S,. (Commentary: Sec. A.6.2.1. Tier
2: Sec. 5.4.3.3)

The tilt-up panels are detailed to each act as an
independent wall element and do not have connections
at vertical panel joints to transfer overturning forces to
adjacent panels (the pilasters at adjoining panel edges
are independent from each other and not integrally
cast). Therefore, the lowest ratio of the least
horizontal dimension of the seismic-force-resisting
system to the building height (21 ft) occurs along
Gridlines A, B, and G where the panel lengths are 19.7
ft:

Uh =197 ft/21 ft=0.94
0.6S, = 0.6(0.80g) = 0.48

0.94 > 0.48; therefore, overturning is compliant.

@\’C N/A U  TIES BETWEEN FOUNDATION ELEMENTS: The
foundation has ties adequate to resist seismic forces
where footings, piles, and piers are not restrained by
beams, slabs, or soils classified as Site Class A, B, or
C. (Commentary: Sec. A.6.2.2. Tier 2: Sec. 5.4.3.4)

The Site Class is D; therefore, this item is required to
be evaluated. All wall footings and wall panels are
connected together with dowels into a common pour
strip and all isolated column footings are
interconnected by the slab-on-grade.
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Life Safety Structural Checklist for Building Type PCI: Precast or Tilt Up
Concrete Shear Walls with Flexible Diaphragms (ASCE 41-13 § 16.12LS)

Low Seismicity

Connections

C@N/A U

WALL ANCHORAGE: Exterior concrete or masonry
walls that are dependent on the diaphragm for lateral
support are anchored for out-of-plane forces at each
diaphragm level with steel anchors, reinforcing
dowels, or straps that are developed into the
diaphragm. Connections shall have adequate strength
to resist the connection force calculated in the Quick
Check procedure of Section 4.5.3.7. (Commentary:
Sec. A.5.1.1. Tier 2: Sec. 5.7.1.1)

The existing purlins and sub-purlins connections to the
existing walls result in cross-grain bending in the
wood ledger; see Figure 6-3 and Figure 6-4. There are
no connections to create subdiaphragms at
intermediate purlins and girders. The existing girders
are connected with beam seats at the exterior walls and
are noncompliant by observation; see Figure 6-2.

Moderate Seismicity: Complete the Following Items in Addition to the

Items for Low Seismicity.

Seismic Force-Resisting System

REDUNDANCY: The number of lines of shear walls
in each principle direction is greater than or equal to
2. (Commentary: Sec. A.3.2.1.1. Tier 2: Sec. 5.5.1.1)

The building has three lines of resistance in each
principle direction; therefore, this item is compliant.

WALL SHEAR STRESS CHECK: The shear stress in
the precast panels, calculated using the Quick Check

procedure of Section 4.5.3.3, is less than the greater of

100 iblin.? or 2[f] . (Commentary: Sec. A.3.2.3.1.
Tier 2: Sec. 5.5.3.1.1)

The wall shear stress check will be evaluated for each
line of resistance based on the flexible diaphragm

Commentary

The quick check calculation for
flexible diaphragm connection
forcesin ASCE 41-13 §4.5.3.7
(Equation 4-13) does not specify
what acceptance criteria to use. It
is intended that the connection be
evaluated as a force-controlled
action using the acceptance
criteria in ASCE41-13 §7.5.2.2.2
using lower-bound material
strengths.

FEMA P-2006
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Commentary

The shear stress check for shear
walls in ASCE 41-13 §4.5.3.3isa
conservative check on the
average shear demand of all the
shear walls in the direction of
load in a story. This approach is
generally applicable with rigid
diaphragm buildings where the
load is shared fo all walls in the
story based on their rigidity.
However, for flexible diaphragm
buildings, load to each shear wall
line is typically based on the
tributary diaphragm width, and
the story demands may be
concentrated on cerfain shear
wall lines that have large
tributary areas and are not
related to the wall rigidity. For
flexible diaphragm buildings,
such as in this example, it is an
ASCE 41-17 Revision

The Seismic Hozard Level used in
the Tier 1 and Tier 2 procedures
in ASCE 41-17 changes from BSE-
1E to BSE-2E for Risk Category |
through Il buildings along with
corresponding Performance Level
changes to the Quick Check
procedures and evaluation
statements from Life Safety fo
Collapse Prevention. Risk
Category IV buildings are still
assessed for both the BSE-1E and
BSE-2E Seismic Hazards Levels in
ASCE 41-17. The increase in the
Seismic Hozard Level is
effectively offset by the
relaxation in Performance Level
and should result in only minimal
change between ASCE 41-17 and
ASCE 41-13.

tributary width. See the margin box for further
discussion on this assumption.

The shear shall not exceed the greater of 100 1b/in.? or

24/3,000 Ib/in.” =110 Ib/in.%.

Effective seismic weight, IV

Roof dead load = 14 psf (per Table 6-1)

OO ®

4‘ 64 ft | 192 ft :L
s | | 11
@,,,‘f ) "y
Figure 6-6 Roof plan showing diaphragm segments

and dimensions (not to scale).

The effective seismic weight of each diaphragm
segment is as follows:

Wi = (192 f)(24 ft)(14 psf/1000 Ib/kip) = 65 kips
Wi = (120 ft)(64 ft)(14 psf /1000 Ib/kip) = 108 kips
Wi = (120 f)(192 ft)(14 psf /1000 Ib/kip) = 323 kips

The effective seismic weight of the wall computed as
the reaction to the roof assuming pinned base (see
Figure 6-1 and Figure 6-8) is as follows:

h 23 ft)’ 3
W = gy, L) (5 [ LSOIA
2, "7 2(21 1) 1000 Io/kip
= 0.94k/ft
where:

h, = height of the parapet from grade = 23 ft
h, = height of the wall to the roof level = 21 ft
t = thickness of the concrete wall = 0.5 ft

7w = density of the concrete wall = 150 Ib/ft?
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The pseudo seismic force at each shear wall line
including weight of parallel and perpendicular walls
and ignoring the reduced weight from wall openings is
as follows:

V' =0.80W, per Section 6.5.1

Vi =0.80[0.94 kips/ft(120 ft + 2(64 ft/2)) + 0.5(108
kips)]
= 182 kips
V> =0.80[0.94 kips/ft (192 ft + 64 ft + 24 ft)
+0.5(108 kips + 323 kips + 65 kips)]
=409 kips
Vs =0.80[0.94 kips/ft (192 ft + 144 ft) + 0.5(65 kips
+ 323 kips)]
=408 kips
V4 =0.80[0.94 kips/ft (192 ft + 24 ft) + 0.5(65 kips)]
= 188 kips
Ve =0.80[0.94 kips/ft (64 ft + 144 ft) + 0.5(108 kips
+ 323 kips + 65 kips)]
=355 kips
Ve =0.80[0.94 kips/ft (256 ft + 120 ft) + 0.5(108 kips
+ 323 kips)]
=455 kips

The average shear stress is checked in each shear wall

line:

V.
v?vg = L —L | <110 1b/in.>  (ASCE 41-13 Eq.4-9)
l MS Aw

where:

Ms = system modification factor per ASCE
41-13 Table 4-9 =4

V; = story shear at each level at each line of
resistance

A,, = summation of wall area in the direction of
loading

e 1[ 182 kips (1000 Ib/kip)

40 (0.5 ft)(144 in2 /f)(120 ft—18 f1)

W= jz 6 Ib/in 2

avg

1 [ 409 kips(1000 Ib/kip)

e = — —— =59 Ib/in.2
41 (0.5 ft)(144 in /ft*)(24 ft)
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avg

1[ 408 kips (1000 Ib/kip) ] L lbjin2
= = 1mn.

5T 4 (0.5 (144 in2/RC)(144 18 )
v 1 188 kips (1000 Ib/kip)
YT 41 (05 fr)(144 in2/f3)(192 fi—3(12 f1))
= 4 1b/in.2
(355 kips(1000 Ib/ki
Vgt = — P (. — p) =19 Ib/in.2
41 (0.5 fr)(144 in /7 (64 f1)
we ] 455 kips (1000 Ib/kip)
o T 41 (0.5 f)(144 in2/f7)(256 fi—3(12 1)
=7 Ib/in.2

The average shear stress at each line of resistance is
less than 110 1b/in.>.

@NC N/A U  REINFORCING STEEL: The ratio of reinforcing steel
area to gross concrete area is not less than 0.0012 in
the vertical direction and 0.0020 in the horizontal
direction. (Commentary: Sec. A.3.2.3.2. Tier 2. Sec.
5.5.3.13)

The wall is reinforced with #5 bars at 16 inches on
center vertically and #5 bars at 18 inches on center
horizontally.
pv = Anlts,=(0.31 in.2)/(6 in.)(16 in.)

=0.0032 > 0.0012
pin = As/tsp=(0.31 in.2)/(6 in.)(18 in.)

=0.0029 > 0.0020

The vertical and horizontal wall reinforcing steel ratios
exceed both minimum values, respectively.

C @ N/A U  WALL THICKNESS: Thicknesses of bearing walls
shall not be less than 1/40 the unsupported height or

length, whichever is shorter, nor less than 4 in.
(Commentary: Sec. A.3.2.3.5. Tier 2: Sec. 5.5.3.1.2)

The tilt-up panels are 6 inches thick with an
unsupported height of 21 feet, resulting in a height to
thickness ratio of 42, which exceeds 40.
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Diaphragms
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Connections

CNCU

TOPPING SLAB: Precast concrete diaphragm
elements are interconnected by a continuous
reinforced concrete topping slab with a minimum
thickness of 2 in. (Commentary: Sec. A.4.5.1. Tier 2:
Sec. 5.6.4)

The building does not contain precast concrete
diaphragms or topping slabs; item is not applicable.

WOOD LEDGERS: The connection between the wall
panels and the diaphragm does not induce cross-grain

bending or tension in the wood ledgers.
(Commentary: Sec. A.5.1.2. Tier 2: Sec. 5.7.1.3)

The existing purlins and sub-purlins are not anchored
to the existing walls for out-of-plane loading, which
results in cross-grain bending in the wood ledger; see
Figure 6-3 and Figure 6-4 of this Guide.

TRANSFER TO SHEAR WALLS: Diaphragms are
connected for transfer of seismic forces to the shear
walls. (Commentary: Sec. A.5.2.1. Tier 2: Sec. 5.7.2)

The existing diaphragms are connected to the tilt-up
panel shear walls to transfer in-plane shear; however,
the collectors at the re-entrant corner at the
intersection of Gridlines B and 2 in Figure 6-1 of this
Guide do not have in-plane collector connections to
the walls nor connections at purlins and girder splices
that extend the full depth of the diaphragm. (Note:
ASCE 41-13 § A.5.2.1 indicates that where walls do
not extend the full depth of the diaphragm, the
connection in this checklist item also includes the
collectors and their connections to deliver
concentrated loads.)

TOPPING SLAB TO WALLS OR FRAMES:
Reinforced concrete topping slabs that interconnect
the precast concrete diaphragm elements are doweled
for transfer of forces into the shear wall or frame
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elements. (Commentary: Sec. A.5.2.3. Tier 2: Sec.
5.7.2)

The building does not contain precast concrete
diaphragms or topping slabs; item is not applicable.

GIRDER—-COLUMN CONNECTION: Thereis a
positive connection using plates, connection hardware,
or straps between the girder and the column support.
(Commentary: Sec. A.5.4.1. Tier 2: Sec. 5.7.4.1)

The girders are connected to the columns with a
premanufactured bolted steel bucket assembly. The
girders are connected to the concrete pilasters with
steel bucket assembly bolted to the girder and
embedded anchor bolts to the pilaster; see Figure 6-2
of this Guide.

High Seismicity: Complete the Following Items in Addition to the Items

for Low and Moderate Seismicity.

Seismic Force-Resisting System

c neQA U

DEFLECTION COMPATIBILITY FOR RIGID
DIAPHRAGMS: Secondary components have the
shear capacity to develop the flexural strength of the
components. (Commentary: Sec. A.3.1.6.2. Tier 2:
Sec. 5.5.2.5.2)

The building does not contain rigid or semi-rigid
diaphragms; item is not applicable.

WALL OPENINGS: The total width of openings along
any perimeter wall line constitutes less than 75% of
the length of any perimeter wall when the wall piers

have aspect ratios of less than 2-to-1. (Commentary:
Sec. A.3.2.3.3. Tier 2: Sec. 5.5.3.3.1)

The wall line with the largest percentage of openings
is wall line A with (12 t)(3)/(192 ft) = 19% < 75%.
There are localized wall piers with aspect ratios
exceeding 2-to-1; however, the stiffness of adjacent
solid panels protects these piers from in-plane loads
and drift.
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Diaphragms

C@N/A U

CNCU

CNCU

CROSSTIES IN FLEXIBLE DIAPHRAGMS: There
are continuous cross ties between diaphragm chords.
(Commentary: Sec. A.4.1.2. Tier 2: Sec. 5.6.1.2)

There are no continuous connection splices at purlins
and girder lines to form continuous crossties between
diaphragm chords.

STRAIGHT SHEATHING: All straight sheathed
diaphragms have aspect ratios less than 2-to-1 in the
direction being considered. (Commentary: Sec.
A.4.2.1. Tier 2: Sec. 5.6.2)

The building does not contain straight sheathed
diaphragms; item is not applicable.

SPANS: All wood diaphragms with spans greater than
24 ft consist of wood structural panels or diagonal
sheathing. (Commentary: Sec. A.4.2.2. Tier 2: Sec.
5.6.2)

The diaphragms are all wood structural panels
(plywood).

DIAGONALLY SHEATHED AND UNBLOCKED
DIAPHRAGMS: All diagonally sheathed or
unblocked wood structural panel diaphragms have
horizontal spans less than 40 ft and aspect ratios less
than or equal to 4-to-1. (Commentary: Sec. A.4.2.3.
Tier 2: Sec.5.6.2)

The building does not contain diagonally sheathed or
unblocked diaphragms; item is not applicable.

OTHER DIAPHRAGMS: The diaphragm does not
consist of a system other than wood, metal deck,
concrete, or horizontal bracing. (Commentary: Sec.
A.4.7.1. Tier 2: Sec. 5.6.5)

The diaphragms are all wood structural panels
(plywood).
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Commentary

The “MINIMUM NUMBER OF
WALL ANCHORS PER PANEL”
checklist item does not require an
evaluation of the sirength of the
anchors or cross-grain fension as
those are evaluated in separate
checklist items, “WALL
ANCHORAGE” and “WOOD
LEDGERS,” respectively. This
checklist item is simply to check
that there are ot least two
anchors per panel into the
diaphragm.

Connections

MINIMUM NUMBER OF WALL ANCHORS PER
PANEL: There are at least two anchors from each
precast wall panel into the diaphragm elements.
(Commentary: Sec. A.5.1.3. Tier 2: Sec. 5.7.1.4)

The existing wall panels are connected to the
diaphragm with anchor bolts in the ledger and contain
at least two per panel.

PRECAST WALL PANELS: Precast wall panels are
connected to the foundation. (Commentary: Sec.
A.5.3.6. Tier 2: Sec. 5.7.3.4)

All wall footings and wall panels are connected
together with dowels into a common pour strip.

UPLIFT AT PILE CAPS: Pile caps have top
reinforcement, and piles are anchored to the pile caps.
(Commentary: Sec. A.5.3.8. Tier 2: Sec. 5.7.3.5)

The building does not contain pile caps; item is not
applicable.

GIRDERS: Girders supported by walls or pilasters
have at least two ties securing the anchor bolts unless
provided with independent stiff wall anchors with
adequate strength to resist the connection force
calculated in the Quick Check procedure of Section
4.5.3.7. (Commentary: Sec. A.5.4.2. Tier 2: Sec.
5.74.2)

The girder seat connection to the pilaster does not
contain reinforcing steel ties securing the anchor bolts,
and the girders do not contain independent wall
anchors to the tilt-up panels, see Figure 6-2 of this
Guide.

6.5.3 Tier 1 Screening Summary

The Tier 1 Screening identified a number of noncompliant items in the
checklist in Section 6.5.2, which are summarized pictorially below in Figure
6-7.
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Figure 6-7 Tilt-up building Tier 1 screening noncompliant items.

6.6 Tier 2 Evaluation and Retrofit of Example Building

The Tier 2 evaluation and retrofit will focus on the noncompliant items found
in the Tier 1 screening in Section 6.5 of this Guide. As indicated in Section
6.4.1 of this Guide, only those deficiencies related to the roof-to-wall
anchorage and subdiaphragm analysis for east-west loading direction and the
collector analysis along Gridline B will be evaluated in this example. The
figures used for the roof-to-wall anchorage will illustrate the framing along
Gridline 1, which is the same as that on Gridline 5. The roof-to-wall
anchorage and subdiaphragm analysis for north-south loading direction and
the collector analysis along Gridline 2 are not addressed in the example,
however, the evaluation is similar. The noncompliant checklist item
regarding the concrete panel thickness are not addressed in the example;
however, see Section 4.7 of this Guide for similar example of a reinforced
masonry wall analysis for out-of-plane loading.
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In order to determine the scope of the Tier 2 evaluation and retrofit for a
noncompliant item, the checklist statement includes a reference to a section
in ASCE 41-13 § 5.4 to § 5.7 that provides specific direction as to scope of
the evaluation required. At the beginning of each section below, the
applicable ASCE 41-13 sections referenced from the checklists are indicated
with an explanation of the scope of the required Tier 2 evaluation.

The Tier 2 evaluation and retrofit uses the same Performance Objective and
Level of Seismicity as Tier 1 screening, which is Life Safety Performance
Level for the BSE-1E Seismic Hazard Level.

The Tier 2 retrofit strategy for this building used in the example is to install
the strengthening from the underside of the structure so reroofing is not
required. With this approach, the existing diaphragm nailing patterns will be
used and not enhanced.

6.6.1 Data Collection and Material Properties

When using the Tier 2 procedure, ASCE 41-13 § 5.2.6 requires that the
knowledge factor, «, for existing components be taken as 0.75 unless the data
collection complies with ASCE 41-13 § 6.2.4.1 and Table 6-1 that outline the
level of testing required, as-built information needed, condition assessment
required, and material properties determination in accordance with the
selected Performance Level. This information is needed to gain knowledge
of the existing structure. The following assumptions are made for this
example: (1) original design drawings have been obtained that indicate
specified material properties; (2) no testing has been performed, but some
inspections have been performed as outlined below; and (3) a condition
assessment of the building has been performed and found that there is no
deterioration or damage. See Section 3.5 of this Guide for further discussion
on data collection and condition assessments.

x is determined on an individual component basis as determined by the level
of knowledge obtained for that component per ASCE 41-13 § 6.2.4.1. In
accordance with ASCE 41-13 Table 6-1 and the stated Performance Level of
Life Safety for this example, the usual level of data collection is required to
use of a x of 1.0. It is not permissible to use a x equal to 0.9 since ASCE
41-13 § 5.2.6 requires the Tier 2 procedure use a x equal to either 0.75 or 1.0.

The following summarize the x used for each component and the
corresponding data collection performed for this example. The values below
are based on the usual level of data collection.
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o Existing Concrete Walls: Concrete cores samples were not obtained
and tested in accordance with ASCE 41-13 § 10.2.2.4.1 Bullet (1);
therefore, x = 0.75 when evaluating components based on concrete
strength. Reinforcing steel testing samples are not required in
accordance with ASCE 41-13 § 10.2.2.4.1 Bullet 3, as the existing design
strength was specified on the original drawings; therefore, x = 1.0 when
evaluating components based on reinforcing steel strength only.

e New Concrete Anchors: Post-installed anchors in the existing concrete
walls use ¥ = 0.75 when evaluating components based on existing
concrete strength and x = 1.0 when evaluating components based on
existing reinforcing steel as noted above for existing concrete walls.

x = 1.0 when evaluating new components not affected by concrete
strength (e.g., steel anchor strength). This refinement of multiple x
factors for evaluating concrete anchors is not explicitly stated in ASCE
41-13, but is a reasonable approach. A more common approach would
be to apply one x factor for evaluating all concrete anchor strength
calculations.

o Existing Wood Diaphragms: The existing roofing was not partially
removed to verify the diaphragm fastener spacing in accordance with
ASCE 41-13 § 12.2.2.4.1 Bullet 1; therefore, x = 0.75 when evaluating
component strength based on diaphragm fasteners.

e Existing Wood Members (Sawn): As indicated above, the diaphragm
fastener spacing was not verified, but this should not cause x = 0.75 to be
applied to all wood components if reasonable confirmation of the
material properties can be made. The grade stamps on the purlins and
subpurlins were visible and verified to match that specified on the
existing building drawings; therefore, x = 1.0 when evaluating
component strengths based on the purlins or subpurlins.

o Existing Wood Members (Glulam): As with the purlins and
subpurlins, an attempt was made to observe the glulam beam grade
stamps; however, as is often the case, the grade stamps were on the top
of the beams and not visible. For this example, since no visual
confirmation could be made on the glulam beam grade stamps, x = 0.75
is used when evaluating component strengths based on the glulam
beams.

e New Components: For new components where the strength does not
directly rely on existing materials, x is 1.0.
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6.6.2 Wall-Roof Anchorage for East-West Direction Seismic
Loads

This section will evaluate the wall-roof anchorage based on the
“noncompliant” Tier 1 checklist items “Wall Anchorage” and “Wood
Ledgers.” The “Wall Anchorage” checklist item directs the user to ASCE
41-13 § 5.7.1.1 for the Tier 2 procedure, which requires that a more detailed
analysis of the wall anchorage system be performed in accordance with
ASCE 41-13 § 5.2.4. ASCE 41-13 § 5.2.4 Bullet 8 requires that the wall
anchorage be analyzed in accordance with ASCE 41-13 § 7.2.11. The
“Wood Ledgers” checklist item directs the user to ASCE 41-13 § 5.7.1.3 for
the Tier 2 procedure, which indicates that there is no evaluation available to
demonstrate compliance with wood ledgers loaded in cross-grain bending.
The strengthening proposed will revise the out-of-plane wall anchorage load
path such that it will no longer rely on cross-grain bending.

This section will determine the out-of-plane seismic forces for wall
anchorage, evaluate the sub-purlin to concrete wall anchorage device,
evaluate the adhesive anchor to concrete panel anchorage, evaluate the
development of the sub-purlin load into the diaphragm, and evaluate the
combined anchorage tension and gravity bending load on the purlin.

This example will evaluate the wall anchorage along Gridlines 1 and 5 for
loading in the east-west direction. A separate analysis is required for the
wall anchorage along Gridlines A and G for loading in the north-south
direction; however, this example does not repeat the similar effort required to
do so.

6.6.2.1 Calculate Out-of-Plane Wall Anchorage Force, F,

The provisions for the evaluation of out-of-plane seismic loads for wall
anchorage to diaphragms are contained in ASCE 41-13 § 7.2.11.1. The out-
of-plane seismic loads will be computed for the Life Safety Performance
Level for the BSE-1E Seismic Hazard Levels per Section 6.6 of this Guide.
The out-of-plane force is determined as follows:

Fypsee = 0.4Sxs sse-18 ka kny W, (ASCE 41-13 Eq. 7-9)
where:

Sxssse-1E = 0.801¢g per Section 6.5.1

ka = 1.0+Ls/100, where Ly =144 ft (ASCE 41-13 Eq. 7-11)
= 1.0+(144 ft)/(100) = 2.44, but need not exceed 2.0
for flexible diaphragms
=2.0
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ki = 1.0 for flexible diaphragm (ASCE 41-13 Eq. 7-12)
X = 1.3 for Life Safety per ASCE 41-13 Table 7-2.
Fppseie = 0.4(0.801g)(2.0)(1.0)(1.3)(W,) = 0.83W,
Compare to F),min:
Fpmn =02k W,=0.2(2.0)(1.3)W, = 0.52W,(ASCE 41-13 Eq. 7-10)
Fypseie =0.83W,
Using statics to solve for the reaction at the roof per Figure 6-8, as follows:
Fppseie = 0.83W,4(23 1t)(23 ft/2)/(21 ft) = 10.5W,y
Wps =75 psf per Section 6.4.2.2 of this Guide
Fpaseie = 10.5(75 psf) = 788 plf

2 .
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Figure 6-8 Loading diagram for wall anchorage design.

This example conservatively ignores any fixity provided at the base of the
wall and the stiffening effects of the pilasters on the two-way bending action
of the wall panel and the resulting reduced load to the sub-purlins. As noted
earlier, this example does not evaluate the adequacy of the wall anchorage at
the girder-to-pilaster support.

The acceptance criteria for the out-of-plane wall anchorage to the diaphragm
stipulated in ASCE 41-13 § 7.2.11 require the wall anchorage, sub-
diaphragm, and cross ties to be evaluated as force-controlled actions. When
evaluating the behavior of force-controlled actions, ASCE 41-13 § 7.5.1.3
requires that the lower-bound component strengths, Qc:, be used.

The acceptance criteria for force-controlled actions using linear analysis
procedures are outlined in ASCE 41-13 § 7.5.2.1.2. This section is intended
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to be applicable to components that resist the pseudo seismic forces
calculated in accordance with ASCE 41-13 § 7.4.1.3, and is not applicable to
structural integrity, F),, forces from ASCE 41-13 § 7.2.11, therefore the Ci,
(>, or J factors in ASCE 41-13 § 7.5.2.1.2 cannot be applied to the F), forces.
These factors are applicable to displacement-based design when using
pseudo seismic forces. Furthermore, when evaluating connectors (such as
nails or bolts) used to link wood components to other wood or metal
components, these are required to be evaluated as force-controlled actions
with F, forces and the provisions in ASCE 41-13 § 12.3.3.1 that permit the
use of deformation-controlled actions for these connectors are not applicable.
The acceptance criteria for force-controlled actions with F), forces is as
follows per ASCE 41-13 § 7.5.2.2.2:

kQc > Qur (ASCE 41-13 Eq. 7-37)

The knowledge factor, , is per Section 6.6.1 of this Guide.

6.6.2.2 Sub-Purlin Anchorage to Wall Panel

This section will evaluate the anchorage of the sub-purlin to the wall panel
along Gridlines 1 an