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Preface

In June 2008, the National Earthquake Hazards Reduction Program (NEHRP) sponsored a Performance-
Based Seismic Design (PBSD) workshop for leading practitioners and researchers from around the United
States to develop a comprehensive list of research needs to foster full development and implementation of
PBSD. From this workshop, the Building Seismic Safety Council (BSSC) reported a prioritized list of key
PBSD research and implementation needs in NIST GCR 09-917-2: Research Required to Support Full
Implementation of Performance-Based Seismic Design (NIST 2009a). The highest priority need identified
in this report was to “benchmark” current PBSD methodologies (e.g., ASCE/SEI 41-06: Seismic
Rehabilitation of Existing Buildings (ASCE 2006)—hereafter referred to as ASCE 41) with code procedures
for design of new buildings. Two observations from the report were that among workshop participants (1)
ASCE 41 procedures are perceived to be overly conservative and (2) existing PBSD methods are not
accepted by practitioners as providing a uniform level of confidence. A supporting reason for these two
observations was that no systematic effort had been undertaken to benchmark structural performance as
determined using ASCE 41 procedures, together with widely accepted procedures for designing new
buildings using ASCE/SEI 7-10: Minimum Design Loads for Buildings and Other Structures (ASCE
2010)—hereafter referred to as ASCE 7.

Work was initiated at the National Institute of Standards and Technology (NIST) to support this priority
study under the Assessment of Design Methods in Existing PBSD Standards Project. This task was
conducted by the Earthquake Risk Reduction in Buildings and Infrastructure group, the research division
of the NEHRP Office at NIST. This research involves problem-focused studies in PBSD assessing the
applicability and accuracy of implementing first-generation PBSD analysis methods now used for
evaluating existing buildings in the performance-based design of new buildings. The current study focuses
on buildings with lateral systems utilizing structural steel frames. This project evaluates the results of the
studies and identifies changes to current model building codes and standards provisions that will encourage
more universal use of PBSD. The volume of data required to illustrate the results and conclusions
necessitated three separate reports, as follows:

e  Volume 1: Special Moment Frames (this report)
e Volume 2: Special Concentrically Braced Frames
e Volume 3: Eccentrically Braced Frames

A fourth report, Volume 4: Buckling Restrained Braced Frames, is under development.

A peer review panel (PRP) was engaged under a contract with the NEHRP Consultants Joint Venture
(NCJV)—www.nehrp-consultants.org. The PRP was tasked to complement the NIST project by providing,
where needed, individual subject matter expert guidance to improve the technical detail and outcome of the
project; provide technical support on specific topics on seismic hazard analysis, ground motion scaling for
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varying return periods, nonlinear dynamic analysis, structural behavior and design of building structures;
and provide peer review services. The review panel for this project was structured as follows:
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Ayse Hortacsu

Project Review Panel
William Holmes, Chair
Robert Hanson
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Nicolas Luco
Robert Pekelnicky

Moment Frame Panel
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Frame Panel
Rafael Sabelli

Stephen Mahin
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Frame Panel
James Malley
Charles Roeder
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Applied Technology Council
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Redwood City, California 94065
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The University of Texas at Austin
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Stephen Mahin

University of California, Berkeley
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Executive Summary

This report presents the results of a study investigating the correlation between the seismic performance of
an ASCE 7 code-compliant building and its performance as quantified using ASCE 41 analysis procedures
and structural performance metrics. This investigation is performed by evaluating a suite of structural steel
buildings in a high seismicity region that are designed using ASCE 7 and evaluated using ASCE 41. The
basic question is whether the standards for designing new steel buildings and assessing existing steel
buildings provide consistent levels of performance. An additional outcome of this research is to advance
the state-of-knowledge in PBSD and assessment of buildings using ASCE 41. Further, results provide the
technical background for provisions that target equivalent seismic performance between a new building and
an existing building that is required to meet the seismic performance objective of a new building.

This report presents the results of a structural seismic performance assessment using ASCE 41 procedures
and performance measures of buildings utilizing steel special moment frames (SMF) as the lateral force-
resisting system (LFRS).

A suite of archetype buildings that incorporate SMFs along one principal direction of the buildings is
designed in accordance with ASCE 7. The suite consists of 4-, 8-, and 16-story buildings designed using
both the Equivalent Lateral Force (ELF) Procedure and Modal Response Spectrum Analysis (RSA). Both
analysis procedures are used to provide a generally applicable range of LFRS strength within the selected
seismic intensity region. As such, an LFRS may include significant overstrength to resist nonseismic loads
or to satisfy other design criteria. A design space is created to investigate the effects of design methodology,
building height and other LFRS-specific geometric modifications on seismic performance. In reality, the
design space is infinitely large and many design choices made in this study can also have different
configurations to evaluate the variation in performance specific to a design choice.

The seismic performance assessment of the building suite is conducted using both linear and nonlinear
analysis procedures prescribed in ASCE 41:

e Linear Static Procedure (LSP)

e Linear Dynamic Procedure (Response Spectrum) (LDP)
e Nonlinear Static Procedure (NSP)

e Nonlinear Dynamic Procedure (NDP)

For this study, the performance assessment targets the Basic Safety Objective (BSO) prescribed in ASCE
41. This objective includes the interrelated goals of Life Safety (LS) Building Performance Level (BPL) at
the Basic Safety Earthquake-1 (BSE-1) earthquake hazard level (EHL) and Collapse Prevention (CP) BPL
at the BSE-2 EHL. This performance objective is chosen to align with the intended structural performance
objective of an ordinary building in ASCE 7, which is qualitatively defined here as “life safety” provided
by collapse prevention of the building, given a maximum considered earthquake (MCE) event.
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To evaluate seismic assessment criteria, each component of the SMFs is designated as a primary or
component in accordance with ASCE 41 §2.2.5 (and ASCE 41 §2.4.4.2). Similarly, quantitative
performance measures (i.e., acceptance criteria) for primary components are used for all assessment

procedures, although performance measures for secondary components are permitted by ASCE 41 for some
primary components. The consistent use of primary acceptance criteria keeps all components and associated
assessment results correlated among the assessment procedures for this study.

The goals of this research are as follows:

Assess new structural steel buildings utilizing SMFs designed per ASCE 7 requirements and, in
turn, evaluated using ASCE 41,

Develop a qualitative link between the performance implied in ASCE 7 in light of the performance
identified by ASCE 41 procedures and performance measures,

Provide guidance or technical support for improved or new provisions in ASCE 41 (and to a lesser
extent, ASCE 7),

Reduce uncertainty in first-generation PBSD procedures for performance-based seismic
assessment, and

Identify any inconsistencies, ambiguities, and confusing provisions in ASCE 41.

The primary conclusions of this research can be divided into two parts: General Observations and Specific

Observations about ASCE 41 analytical procedures.

A.

B.

General Observations for Special Moment Frames:

The LSP generally results in more conservative normalized demand to capacity ratios, DCRy,
values than that of the LDP, because of the differences in the distribution of seismic demands and
the lack of modal representation other than the fundamental mode in the LSP.

The NSP generally results in less conservative DCRy values than that of the NDP, contrary to what
would be expected with increasing the analytical complexity, because of the differences in the
distribution of seismic demands and the lack of modal representation other than the fundamental
mode in the NSP.

The nonlinear procedures provide a more rigorous assessment approach as compared to the linear
procedures. The results from the LSP, and to a lesser extent the LDP, indicate more performance
failures in components than identified using the nonlinear procedures. The results presented
emphasize the inherent conservatism in the linear procedures. However, this conservatism is
accompanied by a reduction in required analytical resources and proficiency of the analyst.

The linear procedures can illustrate the trend in demands but may fail to highlight critical
performance zones within a given frame.

Specific Observations for Special Moment Frames:

The following significant observations and conclusions are based on the collective results obtained from
the assessment of the SMFs. More details about the specific items are in the relevant sections of the

assessment discussion in Chapter 3.
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Analytical results based on component-level performances indicate that new SMFs designed in
accordance with ASCE 7, and its referenced standards, have difficulty achieving the ASCE 41 BSO
for an existing building intended to be equivalent to a new building. This observation is driven by
the performance of the columns and beam-to-column connections.

Assuming the archetype buildings meet the collapse performance objective of ASCE 7, the results
of the assessment procedures indicate that ASCE 41 is generally conservative for SMFs. ASCE 41
analysis would require retrofit or replacement of specific components of a code-compliant SFRS
to satisfy the CP BPL, given an MCE event. The results highlight that columns (i.e., beam-columns)
with high axial and flexural demands and beam-to-column connections with a reduced beam section
(RBS) have difficulty in satisfying the performance criteria in ASCE 41. Future research is needed
to couple the collapse performance objectives of the two standards, as well as other performance
objectives associated with a seismic hazard with a lower return period.

A significant number of columns, primarily at the exterior of the frames, did not satisfy the ASCE
41 acceptance criteria. These failures are in beam-columns classified by analysis as “forcel]
controlled”, which can be particularly problematic when the columns are located at the base of a
frame. The results for columns can be enhanced by more mechanistically consistent assessment
provisions and analytical modeling parameters for columns. Refinement of the relevant interaction
equations to evaluate specific failure mechanisms could assist by allowing what would be a force-
controlled column to be classified as “deformation-controlled”.

A significant number of RBS beam-to-column connections, primarily at the exteriors of the frames,
did not satisfy the ASCE 41 acceptance criteria for the LSP and NDP. Although the nonlinear
acceptance criteria and detailing recommendations in ASCE 41 were derived from experimental
test data, the rationale for the quantitative development of the cumulative reduction factors on these
criteria (i.e., 0.8 multipliers in ASCE 41 §5.4.2.4.3-4) is unclear. The analytical results indicate that
step function-based cumulative reduction factors can have a significant impact on the performance
of a SMF. Further, reduction factors for the span-to-depth ratio limitations for beam-to-column
connections have potentially opposing effects that could impact the results between linear and
nonlinear assessment procedures.

Assessment results illustrate that panel zones designed per ASCE 7 and its referenced standards,
including the common practice of upsizing columns to offset the need for doubler plates and/or
continuity plates, consistently satisfied the ASCE 41 acceptance criteria by a large margin.
Consequently, the panel zones are deemed stronger than required by ASCE 41. Specifically,
upsizing columns can impact the strength of panel zones in reference to the balance yield approach
adopted by ASCE 41 and in turn can influence the performance of the beam-to-column connections.
Components of the SMFs that do not satisfy the CP acceptance criteria would need to be
strengthened to achieve the performance required by ASCE 41. However, the results from the
various assessment procedures were seen to be inconsistent in some cases for a given design routine
(i.e., LSP vs. NDP) or the same assessment procedure was inconsistent between design routines
(i.e., ELF and RSA). This makes it difficult to definitively suggest that using ASCE 41 to design a
new SMF would produce a system capable of achieving the seismic performance objective of
ASCE 7. Future research is needed to evaluate the collapse probability of a new system
strengthened by ASCE 41 relative to the seismic performance objective of ASCE 7. The same is
required for a new system that has component strengths reduced from that required by ASCE 7 to
meet an ASCE 41 performance objective. Further, the adequacy of the components of the enhanced
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frame (those required to satisfy ASCE 41) would be dependent upon which analysis procedure is
used to iterate between design and assessment, and therefore the fidelity of the analytical model
and analysis parameters.

Results of this study indicate that for ASCE 41 to be used as a seismic design procedure for new
steel buildings, as a performance-based alternative to ASCE 7 (see ASCE 7 §1.3.1.3), acceptance
criteria for the various analysis methods must be calibrated to each other to consistently result in a
uniform collapse risk. Additionally, ASCE 41 would need to reference material-specific design
standards (e.g., AISC 341) for their seismic design requirements, as well as consistent requirements
for defining acceptance criteria for a component (e.g., plastic rotation).
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Chapter 1 Introduction

In 1997, the Federal Emergency Management Agency (FEMA) published FEMA 273: NEHRP Guidelines
for the Seismic Rehabilitation of Buildings (FEMA 1997) as a first step towards standardizing seismic
performance assessment procedures for existing buildings. This effort, produced under the Applied
Technology Council’s project 33 (ATC-33), was the first significant step in implementing performance-
based seismic design (PBSD) into practice. Subsequently in 2000, FEMA and the American Society of
Civil Engineers (ASCE) published FEMA 356: Prestandard and Commentary for the Seismic
Rehabilitation of Buildings (FEMA 2000e). This publication introduced many changes to FEMA 273 to
refine the accuracy and applicability of the provisions. The changes are chronicled in FEMA 357: Global
Topics Report on the Prestandard and Commentary for the Seismic Rehabilitation of Buildings (FEMA
2000f). In 2006 ASCE published ASCE/SEI 41-06: Seismic Rehabilitation of Existing Buildings (ASCE
2006) as an ASCE Standard—hereafter referred to as ASCE 41. This document is referenced by the
International Existing Building Code (IEBC) published by the International Code Council (ICC) (ICC
2012a).

ASCE 41 represents the current state-of-practice in seismic evaluation and rehabilitation of existing
buildings. This standard is referenced by the California Building Standards Code (CBSC 2010), Federal
government building standards (e.g., NIST 2011a), and a number of other local jurisdictions. ASCE 41
provides analytical procedures and criteria for evaluating buildings and designing seismic retrofits based
on a defined performance goal (i.e., Life Safety and Collapse Prevention). This ability to explicitly define
a performance goal and then assess a building design against that goal has led practitioners to adapt ASCE
41 methodology for use in new building design. The performance-based methodologies in ASCE 41 provide
an alternative to the traditional prescriptive approaches used in the current standard for new buildings,
ASCE/SEI 7-10: Minimum Design Loads for Buildings and Other Structures (ASCE 2010)—hereafter
referred to as ASCE 7. Referenced by the International Building Code (IBC) (ICC 2012b), ASCE 7 is
widely used throughout the country for seismic design of new buildings. However, with the trend toward
performance-based design, the correlation between the performance of a building designed with the
prescriptive provisions of ASCE 7 and assessed with the performance-based provisions of ASCE 41 is
largely unknown.

The next version of ASCE 41 (ASCE 41-13") will offer a new track for application of the provisions to
existing buildings whose performance goal is equivalent to that of a building designed with the new building
standard. Consequently, this new track will allow direct seismic performance assessment of new buildings
or, alternatively, a substitute seismic design approach via Chapter 1 of ASCE 7. For example, the PBS[]
P100: Facility Standards for the Public Buildings Service (GSA 2012) prescribes that ASCE 41-06 shall

! ASCE 41-13: Seismic Evaluation and Retrofit of Existing Buildings (ASCE 2014) was being developed during this project period.
As such, new or updated provisions in ASCE 41-13 were not incorporated, except where changes were required to align with the
seismic hazard prescribed in ASCE 7-10.
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be used for the seismic design of new GSA facilities® and that the guidelines from ASCE 41 are intended
to be applied to new buildings. This document does not permit a building to be designed for seismic
performance below the minimum level specified by IBC. The National Institute of Building Sciences
(NIBS) is using PBS-P100 as the basis for developing their National Performance Based Design Guide
(NIBS 2013). Further, the Provisions Update Committee for the Building Seismic Safety Council is
currently deliberating expanded provisions for performing nonlinear response history analysis (Chapter 16
in ASCE 7) for the 2015 edition of the NEHRP Recommend Provisions for Seismic Regulations for New
Buildings and Other Structures (FEMA 2015). These expanded provisions reference ASCE 41-13 in the
commentary for modeling and acceptance criteria for the design of new buildings.

This report presents the results of a study investigating the correlation between the seismic performance of
an ASCE 7 code-compliant building and its performance as quantified using ASCE 41 analysis procedures
and structural performance metrics. This investigation is performed by evaluating a suite of structural steel
buildings in a high seismicity region that are designed using ASCE 7 and evaluated using ASCE 41. The
basic question is whether the standards for designing new steel buildings and assessing existing steel
buildings provide consistent levels of performance. The intended outcome of this research is to advance the
state-of-knowledge in performance-based seismic design and assessment of buildings using ASCE 41.
Further, results provide the technical background for provisions that target equivalent seismic performance
between a new building and an existing building that is required to meet the seismic performance objective
of a new building.

Applicability of ASCE 41-13 to this Study

During this project, ASCE/SEI 41-13, Seismic Evaluation and Retrofit of Existing Buildings (ASCE 2014),
completed committee balloting and was sent out for public comment as well as for approval for inclusion
in the IEBC. Any significant differences between ASCE 41-06 and ASCE 41-13 regarding assessment of
steel structural systems will be highlighted in the discussions where applicable—unless otherwise noted,
reference to ASCE 41 refers only to ASCE 41-06.

One significant addition to ASCE 41-13 is a process for applying the provisions for the seismic assessment
of existing buildings where the intended performance is equivalent to that which is intended for new
buildings designed in accordance with ASCE 7, including a correlation matrix between the two standards.
While ASCE 41-06 is being used currently in practice to justify seismic performance of new buildings in
compliance with ASCE 7 (as well as to identify noncompliance), this addition is the first step in
conceptually aligning future editions of ASCE 41 and ASCE 7 so that ASCE 41 can be used for the seismic
design of new buildings. Still, there are variations between material-specific provisions in ASCE 41 and
provisions in material design standards referenced in ASCE 7 (e.g., AISC 360 and ACI 318) that need to
be resolved.

2 The seismic hazard used to characterize the design basis earthquake is that with a 10% probability of exceedence in 50 years. This
differs from that used in ASCE/SEI 7-05 (ASCE 2005)—two-thirds of that with a 2% probability of exceedence in 50 years—and
ASCE 7-10—two-thirds of that producing a 1% probability of collapse in 50 years.
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In terms of assessment of steel systems, the technical content in ASCE 41-13 did not change in any
significant manner that invalidates the results presented in this report. The few changes that would affect
the results of individual components are highlighted where applicable. In fact, data from this study
instigated some of these changes.

1.1 Project Motivation and Background

Traditional prescriptive seismic provisions for new buildings principally concentrate on the Life Safety
objective applied to all-encompassing arrangements of similar lateral force-resisting systems. Little
consideration is given to either the actual performance of individual buildings or the economic loss and
occupancy interruption that may occur after an earthquake. Thus, a need arises for seismic provisions that
allow engineers to design buildings and assess them against varying levels of performance associated with
varying levels of earthquake hazard. So doing provides a method where desired building damage levels can
be coupled to both quantitative and qualitative definitions of performance so that building and operational
stakeholders are integrated into a project. Conceptually, PBSD was conceived to satisfy this need. The
objective of PBSD is to provide a means of integrating additional performance objectives into the seismic
design of new buildings that explicitly measure and account for risk of casualties, occupancy interruption,
and economic loss including repair costs.

Prescriptive building code procedures, such as those found in ASCE 7, tend to restrict design innovation
and can lead to inefficient structural designs and higher construction costs. In lieu of its prescriptive
provisions, ASCE 7 allows alternative “rational” design methods, such as PBSD, to be used in new building
design. PBSD affords the designer the freedom to bypass prescriptive building code provisions by
demonstrating that a building performs to an explicitly defined performance target that equals or exceeds
the life safety objective in prescriptive provisions. The use of such methods must be approved by the local
authority having jurisdiction and typically requires rigorous structural analysis coupled with a high level of
expertise.

Although ASCE 7 allows PBSD (see ASCE 7 §1.3.1.3) to be used in new building design, it provides no
substantial guidance on implementing PBSD for this purpose. Therefore, many practitioners and local
authorities have turned to the provisions in ASCE 41 as a way of implementing PBSD into new building
design. These provisions, widely considered to be “first generation” PBSD principles, were originally
intended to be used in the evaluation of existing buildings by assessing performance compliance with a
selected rehabilitation objective. Since ASCE 41 is applicable to existing buildings, it does not provide a
direct correlation between the rehabilitation objective and the intended performance of an ASCE 7 code-
compliant new building (see Table 1-1). However, the IEBC does provide a correlation between ASCE 41
performance levels and IBC (and thus ASCE 7) Risk Categories, thus providing the link between the
prescriptive requirements for new building design and the nonprescriptive requirements of existing building
assessment and PBSD. A matrix showing this correlation is shown in Table 1-2. Still, this matrix has not
been comprehensively validated nor have the seismic performance expectations for new buildings been
quantitatively assessed to standardize acceptable performance within the framework of ASCE 41, or vice
versa. ASCE 7 has not expressly adopted Table 1-2 for seismic design.
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Table 1-1. Comparison of Seismic Hazard and Associated Performance for ASCE 7 and ASCE 41

Target Building Performance Level !
Operational Immediate Life Safety Collapse
Occupancy (LS) Prevention
(10) (CP)
ASCE 41 ASCE 41 . o o
50% / 50 year? (nonstructural) ASCE 41 Limited ASCE 41 Limited ASCE 41 Limited
ASCE 41 ASCE 41 ASCE 41 ASCE 41 ASCE 41
20% / 50 year? Enhanced Limited Limited
_ ASCE 7 ASCE 7 ASCE 7 Risk
E “Frequent” | Risk Category III Category I & 11 NA. N.A.
= 4 &1V (anticipated) 3
%
3 ASCE 41
= BSE-1 ASCE 41 ASCE 41 ASCE 41 BSO ASCE41
@ o 2 Enhanced Enhanced Limited
= ~10% / 50 year
T e I
= .
£ ASCE 7 _ ASCE 7 ASCE 7 Risk
= N | NA. Risk Category 111 Category I & II NA.
] % x MCEg R
= &IV (design)
ASCE 41
BSE.2 ASCE 41 ASCE 41 ASCE 41 ASCE 41 BSO
o 2 Enhanced Enhanced Enhanced
~2% /50 year
ASCE 7 ASCE 7 ASCE 7 Risk
MCE. ! N.A. N.A. Risk Category IIT Category I & II
R &IV (objective) *

1. Seismic hazard defined in ASCE 7-10.
2. Seismic hazard defined in ASCE 41-06.
3. See ASCE 7, Expanded Seismic Commentary (ASCE 7-10, 3™ printing).

Table 1-2. Performance Comparison between IBC and ASCE 41 — (From IEBC Table 301.1.4.1)

Risk Category
(Based on IBC Table 1604.5)

Performance Level for use with ASCE
41 BSE-1 Earthquake Hazard Level

Performance Level for use with ASCE
41 BSE-2 Earthquake Hazard Level

I Life Safety (LS) Collapse Prevention (CP)
1T Life Safety (LS) Collapse Prevention (CP)
III Note a Note a

v

Immediate Occupancy (10)

Immediate Occupancy (10)

a. Acceptance criteria for Risk Category III shall be taken as 80 percent of the acceptance criteria specified for Risk Category II performance levels, but
need not be less than the acceptance criteria specified for Risk Category IV performance levels

In June 2008 the National Earthquake Hazards Reduction Program (NEHRP) sponsored a PBSD workshop
for leading practitioners and researchers from around the United States to develop a comprehensive list of
research needs to foster full development and implementation of PBSD. From this workshop, the Building
Seismic Safety Council (BSSC) reported a prioritized list of key PBSD research and implementation needs
in NIST GCR 09-917-2: Research Required to Support Full Implementation of Performance-Based Seismic
Design (NIST 2009a). The highest priority need identified in this report was to “benchmark” current PBSD
methodologies (e.g., ASCE 41) with code procedures for design of new buildings. Two observations from
the report were that among workshop participants (1) ASCE 41 procedures are perceived to be overly
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conservative and (2) existing PBSD methods are not accepted by practitioners as providing a uniform level
of confidence. A supporting reason for these two observations was that no systematic effort had been
undertaken to benchmark structural performance as determined using ASCE 41 procedures, together with
widely accepted procedures for designing new buildings using ASCE 7.

Additionally, needs for the advancement of PBSD have been highlighted by other researchers and
practitioners (Toranzo-Dianderas 2009, SEAONC 2010, Paret, Searer, and Freeman 2011, and Pekelnicky
and Poland 2012). The needs identified include, but are not limited to the following:

e Calibration / comparison of ASCE 41 to ASCE 7
e Reduced conservatism in linear procedures and acceptance criteria
e Better clarification of provisions and intent

Therefore, the research study presented in this report was undertaken in an effort to address some of these
needs.

1.2 Scope of Project

This report presents the results of a structural seismic performance assessment using ASCE 41 procedures
and performance measures of buildings utilizing steel special moment frames (SMF) as the lateral force-
resisting system (LFRS)’.

A suite of archetype buildings that incorporate SMFs along one principal direction of the buildings is
designed in accordance with ASCE 7. The suite consists of 4-, 8-, and 16-story buildings designed using
both the Equivalent Lateral Force (ELF) Procedure and Modal Response Spectrum Analysis (RSA). Both
analysis procedures are used to provide a generally applicable range of LFRS strength within the selected
seismic intensity region. As such, components of an LFRS may include significant overstrength? to resist
nonseismic loads or to satisfy other design criteria. A design space is created to investigate the effects of
design methodology, building height, and other LFRS-specific geometric modifications on seismic
performance. In reality, the design space is infinitely large and many design choices made in this study can
also have different configurations to evaluate the variation in performance specific to a design choice (e.g.,
study of a range of doubler plate thicknesses in an SMF and the influence on frame column performance).

The seismic performance assessment of the building suite is conducted using both linear and nonlinear
analysis procedures prescribed in ASCE 41:

e Linear Static Procedure (LSP)

3 Although the LFRS is a component of a cohesive three-dimensional building system that includes structural framing intended to
primarily resist gravity loads and nonstructural components, only the performance of the LFRS as identified by ASCE 41
procedures and measures is presented. The performance of an LFRS can be influenced by the inclusion of gravity framing in a
analysis. Based on the analytical modeling used in this study, this interaction is deemed to be negligible because the LFRS resists
nearly all forces and deformations resulting from lateral loads and movement.

4 Overstrength is defined here as the additional elastic strength in a component that is in excess of the required minimum seismic
strength.
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e Linear Dynamic Procedure (Response Spectrum) (LDP)
e Nonlinear Static Procedure (NSP)
e Nonlinear Dynamic Procedure (NDP)

For this study, the performance assessment targets the Basic Safety Objective (BSO) prescribed in ASCE
41. This objective includes the interrelated goals of Life Safety (LS) Building Performance Level (BPL) at
the Basic Safety Earthquake-1 (BSE-1) earthquake hazard level (EHL) and Collapse Prevention (CP) BPL
at the BSE-2 EHL (see Table 1-2 above). This performance objective is chosen to align with the intended
structural performance objective of an ordinary building’ in ASCE 7, which is qualitatively defined here as
“life safety” provided by collapse prevention of the building, given a maximum considered earthquake
(MCE) event.

To evaluate seismic assessment criteria, each component of the SMFs is designated as a primary component
in accordance with ASCE 41 §2.2.5 (and ASCE 41 §2.4.4.2). Similarly, quantitative performance measures
(i.e., acceptance criteria) for primary components are used for all assessment procedures, although
performance measures for secondary components are permitted by ASCE 41 for some primary components.
The consistent use of primary acceptance criteria keeps all components and associated assessment results
correlated among the assessment procedures for this study.

The goals of this research are as follows:

e Assess new structural steel buildings utilizing SMFs designed per ASCE 7 requirements and, in
turn, evaluated using ASCE 41,

e Develop a qualitative link between the performance implied in ASCE 7 in light of the performance
identified by ASCE 41 procedures and performance measures,

e Provide guidance or technical support for improved or new provisions in ASCE 41 (and to a lesser
extent, ASCE 7),

e Reduce uncertainty in first-generation PBSD procedures for performance-based seismic
assessment, and

e Identify any inconsistencies, ambiguities, and confusing provisions in ASCE 41.

This report does not discuss the correlation between deterministic performance metrics for components
(e.g., m-factor in ASCE 41) and the system (e.g., R-factor in ASCE 7)—a topic for future research and one
that is required to establish the link between the performance of an ASCE 7 code-compliant design and the
associated performance identified by ASCE 41 procedures and performance measures. Here, it is assumed
that the acceptance criteria for each BPL in ASCE 41 Chapter 5 are quantitatively rational and accurate
interpretations of what deformations / actions are appropriate for the intended structural performance (see
ASCE 41 Tables C1-2, C1-3, and C1-4). Clearly, this is a subjective and, at times, controversial topic, as
some component actions are physically qualified only by experimental test results (i.e., SAC project, see
FEMA 351 (FEMA 2000b)), but not necessarily for all performance levels.

3 Buildings assigned Risk Category I or IL.
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In this report, the archetype building designs are presented in Chapter 2. Next, the results from the seismic
assessment in accordance with ASCE 41 and supplementary discussions are presented in Chapter 3. In the
discussion of the assessment results, special focus is given to highlighting any notable differences or
similarities between ASCE 41 and ASCE 7 (including the referenced design standards in ASCE 7 for the
design of structural steel buildings) and to making suggestions for improvements in ASCE 41. Conclusions
are provided in Chapter 4. Selection and scaling of ground motions, including pertinent ground motion data,
for the NDP are provided in Appendix A. Additional information applicable to the design of the archetype
buildings and detailed design calculations for a few example members and connections are provided in
Appendix B. Detailed assessment calculations for a few example members and connections are provided in
Appendix C.

The hope is that other follow-on projects will be undertaken by NIST and / or other organizations to provide
additional data sets that advance the state-of-practice and state-of-knowledge and facilitate the
implementation of performance-based seismic engineering in design of buildings. Further studies of
structural steel systems (e.g., buckling-restrained braced frames), as well as studies of reinforced concrete
moment frame and shear wall buildings, are planned as next steps at NIST.
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Chapter 2 Overview and Design of Archetype Buildings

This chapter presents the design of the archetype buildings. General discussions are provided in Section 2.1
on the geometry of the buildings and the design criteria, including sizes of structural members not
considered to principally resist lateral loads. Section 2.2 discusses the structural design loads and associated
design criteria specific to them. Section 2.3 presents information regarding the structural analysis and
mathematical model used in the structural member selection process. Section 2.4 provides the design of the
structural systems principally required to resist lateral loads and stabilize the buildings.

2.1 General Information

A suite of three steel-framed office buildings is investigated in this study. It is presumed that the archetype
buildings will be constructed in a high seismicity area (e.g., somewhere along the west coast of the United
States—see Earthquake Forces section below). Building stability and resistance to environmental loads and
deformations is provided by special moment frames along the East-West (E-W) direction and special
concentrically braced frames along the North-South (N-S) direction. All lateral force-resisting systems
(LFRS) are symmetrically located at the perimeter of the building and orthogonal. For purposes of design,
the identified LFRS acts as both the seismic force-resisting system (SFRS) and the main wind force-
resisting system (MWFRS). For completeness of the full design of the archetype buildings, design of both
LFRSs is presented below. However, only the assessment of the moment frames will be presented in this
report. Assessment of the braced frames is presented in NIST TN 1863-2: Assessment of First Generation
Performance-Based Design Methods for New Steel Buildings, Volume 2: Special Concentrically Braced
Frames (Harris and Speicher 2015).

Each building is rectangular in plan, with five 30-foot bays in the E-W direction and generally five 20-foot
bays in the N-S direction. The plan dimensions for all floors and roofs are 152 feet in the E-W direction
and 102 feet in the N-S direction. For all buildings, the height of the first story is 18 feet and the remaining
story heights are 14 feet. A summary of the geometric structural characteristics of each building is provided
in Table 2-1. Building schematics are shown in Figure 2-1 through Figure 2-3. The typical floor framing
plan is shown in Figure 2-4 and Figure 2-5. For brevity, the building schematics do not show symmetrical
elevator core or stairwell diaphragm openings.

Table 2-1. Structural Characteristics of Archetype Buildings

. E-W N-S E-W N-S
Bldg.ID  Stories Dimension Dimension LFRS LFRS Notes

150° = 5 bays 100° = 5 bays SME: 3-30-foot bays

MC4 4 s s SMF SCBF  SCBEF: 1-20-foot bay inverted “V’
@30 @20 (Chevron) with HSS braces
. ) SMF: 3-30-foot bays
MC8 8 150 @‘ 350?”5 100 @ 25()?2‘»‘/5 SMF  SCBF  SCBF: 1-20-foot bay two-story X-bracing
with HSS braces
s _ S Var SMF: 3-30-foot bays
MC16 16 1307=35bays 100" =Varies - gy GepE  SCBF: 2-30-foot bays two-story X-

@30 see Figure 2-5 bracing with HSS braces
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Roof
(Elev. 60°-0”)

(first story)

North East

Figure 2-1. Isometric View of MC4 Archetype Building

Roof
(Elev. 116°-07)

Figure 2-2. Isometric View of MC8 Archetype Building
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Roof
(Elev. 228°-0)

18°-0”
(first story)

Figure 2-3. Isometric View of MC16 Archetype Building
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The archetype buildings are analyzed and designed for all load effects in accordance with the following:

e IBC 2012: International Building Code (ICC 2012b)

o ASCE 7-10: Minimum Design Loads for Buildings and Other Structures (ASCE 2010)

o AISC 360-10: Specification for Structural Steel Buildings (AISC 2010a)

o AISC 341-10: Seismic Provisions for Structural Steel Building (AISC 2010b)

o AISC 358-10: Prequalified Connections for Special and Intermediate Steel Moment Frames for
Seismic Applications (AISC 2010c¢)

The following material types and corresponding nominal properties were assumed in design:

e Wide-Flange Sections: A992 Grade 50, F}, = 50 ksi, R, = 1.1
e HSS Sections: A500 Grade B, F, =46 ksi, R, = 1.4

e Connections: A572 Grade 50, F), =50 ksi, R, = 1.1

e [£=29000 ksi, G=11200 ksi, v=0.3

The archetype buildings do not contain any geometry-based or configuration-based horizontal irregularities,
Type 2, 3, 4, or 5 as defined in ASCE 7 Table 12.3-1. Horizontal irregularity Type 1 is dependent on post-
design analysis verification, and is presented in Appendix B. Similarly, the archetype buildings do not
contain any geometry-based or configuration-based vertical irregularities, Type 2, 3, or 4 as defined in
ASCE 7 Table 12.3-2. Vertical irregularity Types 1 and 5 are dependent on post-design analysis verification
and are presented in Appendix B. The buildings are classified as Risk Category II structures in accordance
with ASCE 7 §1.5.

2.2 Structural Design Loads

2.2.1 Load Combinations

Loads and load combinations used for analysis and strength design of members and connections are in
accordance with ASCE 7 §2.3, including modifications to these combinations prescribed in ASCE 7 §12.4.
This resulted in 189 load combinations for design of each component. Capacity design provisions for each
SFRS type prescribed in AISC 341 as well as for beam-to-column connections in an SMF prescribed in
AISC 358 provided several design load combinations in addition to those from ASCE 7.

Loads and load combinations for serviceability analysis and verification (e.g., wind drift), and seismic drift
analysis and allowable drift compliance verification are discussed subsequently under Environmental
Loads, §2.2.3.

2.2.2 Gravity Loads

The floor and roof dead load consists of the weight of the steel members, metal deck, and concrete slab
weight (3% inch lightweight concrete at 110 pef on 18-gage, 3 inch metal deck ~ 46 psf). Superimposed
dead loads are taken as 15 psf for floors and 10 psf for the roof, representing mechanical, electrical,
plumbing, and miscellaneous dead loads. A 250 plf superimposed dead load is also applied to the perimeter
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horizontal framing to account for fagade (curtain wall) weight. The edge of the slab is 1 foot from the
perimeter framing. The design live load (unreduced) is 50 psf for floors and 30 psf for the roof (increased
live load within egress areas is neglected in this study). A summary of the design gravity loads is presented
in Table 2-2.

Table 2-2. Design Gravity Loads

Load Load Type Magnitude
Dead, D Dead 46 psf'!
Floor Superimposed Dead, SD Dead 15 psf
Roof Superimposed Dead, SD Dead 10 psf
Fagade Dead (Curtain Wall), SD Dead 250 plf
Unreduced Design Floor Live, Z, Floor Live 50 psf (Office)
Unreduced Design Roof Live, L, Roof Live 30 psf?

! Weight of slab and metal deck only. Self-weight of steel components is included automatically in the structural analysis.
210 psf was added to the roof live load to represent non-inertial service equipment weight.

Verification of serviceability criteria under gravity loads is performed per IBC §1604.3, ASCE 7 §1.3.2,
and AISC 360 Chapter L.

2.2.3 Environmental Loads

2.2.3.1 Earthquake Forces

The archetype buildings are located where it is assumed they would be assigned a Seismic Design Category
(SDC) at the upper limit of D (i.e., Dmax—see footnote 6). Two designs are produced for each archetype
building height and frame type as follows:

e  One design using the ELF procedure per ASCE 7 §12.8 to determine the equivalent seismic effects.
e  One design using the RSA procedure per ASCE 7 §12.9 to determine the equivalent seismic effects.

Two designs are performed to provide a common range of potential system strengths for seismic assessment
using ASCE 41, and to a lesser extent, provide comparison points between the two design methodologies.
There are cases when the two designs do not result in different member sizes because of material-specific
minimum requirements. Further, wind effects are determined from statically applied design forces and thus
the analysis method for wind does not vary between the two seismic analyses.

For the RSA procedure, enough modes are included in each principal direction to exceed 90 percent mass
participation in both horizontal orthogonal directions. Masses were not modeled in the analysis to address
vertical accelerations. Design forces determined from the RSA are scaled up so that the total modal base
shear for design is equal to 85 percent of the corresponding base shear from applying the ELF procedure;
story drifts are not scaled for verifying seismic drift compliance. Application of orthogonal seismic forces
and accidental eccentricity prescribed in ASCE 7 §12.5 and ASCE 7 §12.8.4, respectively, are considered
in the strength design analysis. The redundancy factor, p, is taken as 1.0 for each SFRS, and therefore does
not affect the allowable seismic drift limits along the E-W direction (moment frames).

¢ See FEMA P695: Quantification of Building Seismic Performance Factors (FEMA 2009a) for further information.
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Effective seismic weights for computing the horizontal earthquake forces are determined from dead loads
plus 20 percent of the unreduced design floor live loads to represent partition weight (i.e., 0.2x50 psf= 10
psf). The effective seismic weights (lumped at each level) are tabulated in Appendix B. It is assumed in this
study that there is no snow load on the building.

The story gravity loads for seismic drift analysis prescribed in ASCE 7 §12.8.6 (including period
calculation) and stability verification prescribed in ASCE 7 §12.8.7 are determined from dead loads plus
25 percent of the unreduced floor live loads (i.e., 0.25%L, = 0.5L where L is the reduced floor live loads).
Roof live loads are considered not to be present for seismic drift analysis. The effective lumped gravity
load acting on a story is tabulated in Appendix B. Vertical seismic loads are considered for strength design
but not for drift or stability compliance. Similarly, application of orthogonal seismic forces and accidental
eccentricity are not considered in the drift analysis because story drifts are computed at the center of mass
(which aligns with the center of stiffness) of each story because of building symmetry and regularity. The
centers of mass for all stories are vertically aligned.

The seismic hazard in ASCE 7 is based on a risk-targeted design philosophy and is defined as ground
motions having a one percent probability of causing total or partial structural collapse (i.e., “risk™) of an
appropriately designed structure in 50 years (except in areas controlled by the deterministic cap’ on ground
motions). This ground motion intensity is denoted in ASCE 7 as MCEr. The following parameters
summarize the seismic hazard used for design:

¢ Building Risk Category: II

e Site Soil Conditions: Site Class D, Stiff Soil — ASCE 7 Table 20.3-1
e Spectral Response Acceleration Parameters: shown in Table 2-3

o SDC: D—taken as Dy as used in FEMA P695

Table 2-3. Spectral Response Acceleration Parameters

Sus S Shs Spi

sDC (“Zf) (“Z,') F, F, =ES. =FS  =%Ss =%Su 3('85;?
(9] (9] (9] (9]

Dinax 1.50 0.60"! 1.00 1.50 1.50 0.90 1.00 0.60 2.1

1. Siis actually just under 0.60 (i.e., 0.599)

Allowable seismic drift limit is set to Ay / 50 (for amplified story drifts, see ASCE 7 §12.12) where A, is
the story height below the level under consideration. Composite action between the beams of the SFRS and
the concrete slab is not considered for checking seismic drifts or when computing the fundamental period,
T1. This action is commonly neglected in seismic analysis and design because research has shown that the
slab does not contribute significantly to the strength or stiffness of the assembly at significant inelastic
deformations (see FEMA 355D (FEMA 2000c)).

The seismic analysis and design parameters for each archetype building are provided in Table 2-4 for the
E-W direction and Table 2-5 for the N-S direction. There is one archetype building system that is not

7 Regions where probabilistic-based ground motion parameters exceed those resulting from deterministic ground motions based
on the characteristic magnitudes of earthquakes from well-defined active fault systems.
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permitted to be designed with the ELF procedure because its design period, C, T, is greater than 3.5% T (see
ASCE 7 §12.6): E-W component of MC16 (SMF)—this system is shaded in Table 2-4. This frame is
included to make a seismic performance comparison. Furthermore, ASCE 7 is vague about which T is
referenced in ASCE 7 §12.6. For example, although the capped fundamental period (7= C,T,) may satisfy
3.5xTy, the actual fundamental period (7' = 71) may not, indicating that the ELF procedure may be used for
strength design but not used for drift verification per ASCE 7 §12.8.6.2. Consequently, the same analysis
procedure was used for both strength design and computation of the design story drifts in this study.

Table 2-4. Seismic Analysis and Design Parameters, E-W

Building MC4 MC8 MCl16
SFRS SMF SMF SMF
R, Cy Q, 8,5.5,3 8,5.5,3 8,5.5,3
C,T, (seconds) 1.04 1.76 3.02
ELF Permitted? Yes Yes No 8
Height Limit (feet) No Limit No Limit No Limit
Analysis Procedure ELF RSA ELF RSA ELF RSA
W (kips) 5172 5136 10618 10527 21782 21649
V,' Design (kips) 374 316 4672 3942 9582 8102
V! Drift (kips) 213 166 273 192 375 295
. 3 Design =93 Design =101 Design = 134
RSA Scaling Factor™  NA — pyip_pes A Drift = 266 NA Drift 266
T,* (seconds) 1.82 222 291 3.81 436 5.01
T»* (seconds) 0.55 0.61 1.02 1.30 1.58 1.83
T;* (seconds) 0.26 0.29 0.56 0.68 0.91 1.05
T;3 (seconds) 1.83 2.24 2.94 3.86 4.40 5.07
T, (seconds) 1.77 2.12 2.79 3.55 4.15 4.70
Steel Wgt.” (tons) 37 29 74 53 193 163
Notes:

Inertial mass computed as Dead + Superimposed Dead + 0.2xFloor Live. ¥ for ELF and RSA differ because of member size differences.

1
2 0.044Spsl. min. controls strength design (not applied for drift).
3 Scaling for design = gxI. / Rx(0.85% V5 £Lr) / Vb rsa. Scaling for drift = gx/. / R<Ca/ I.. Scaling assumes the spectrum is defined as a function of g.
4 Computed from a second-order eigenvalue analysis with Dead + Superimposed Dead + 0.25xFloor Live gravity load.
5 Computed from a second-order eigenvalue analysis with 1.2xDead + 1.2xSuperimposed Dead + 0.25xFloor Live gravity load.
N Computed from a first-order eigenvalue analysis.
7 Per single SFRS (see Table 1-1). Does not include connection or miscellaneous steel.
8 Analysis procedure not permitted per ASCE 7 §12.6. Shaded Area: design is included for seismic performance comparison purposes.
Table 2-5. Seismic Analysis and Design Parameters, N-S
Building MC4 MC8 MC16
SFRS SCBF SCBF SCBF
R, Cs, O, 6,5,2 6,5,2 6,5,2
C,T, (seconds) 0.60 0.99 1.64
ELF Permitted? Yes Yes Yes
Height Limit (feet) 240 240 240
Analysis Procedure ELF RSA ELF RSA ELF RSA
W (kips) 5172 5136 10618 10527 21782 21649
V, ! Design (kips) 857 723 1073 904 1326 1120
V5, ! Drift (kips) 782 627 735 633 1089 945
. 5 Design =74 Design = 92 Design =76
RSA Scaling Factor NA Drift = 322 NA Drift = 322 NA Drift = 322
T, (seconds) 0.67 0.72 1.45 1.50 2.08 2.14
T,* (seconds) 0.27 0.28 0.48 0.49 0.70 0.71
T;* (seconds) 0.18 0.19 0.27 0.28 0.39 0.40
T, (seconds) 0.67 0.72 1.45 1.51 2.09 2.14
T, (seconds) 0.66 0.71 1.43 1.49 2.06 2.11
Steel Wgt.” (tons) 13 12 28 27 127 123
Notes:

[ S
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Inertial mass computed as Dead + Superimposed Dead + 0.2xFloor Live. W for ELF and RSA differ because of member size differences.
0.044Spsl. min. controls strength design (not applied for drift).
Scaling for design = gxI. / R<(0.85%Vp £rr) / Vbrsa. Scaling for drift = gxI. / RxCa/ I.. Scaling assumes the spectrum is defined as a function of g.
Computed from a second-order eigenvalue analysis with Dead + Superimposed Dead + 0.25xFloor Live gravity load.
Computed from a second-order eigenvalue analysis with 1.2xDead + 1.2xSuperimposed Dead + 0.25xFloor Live gravity load.
Computed from a first-order eigenvalue analysis.
Per single SFRS (see Table 1-1). Does not include connection or miscellaneous steel.



The difference in the stiffness and strength of the SCBFs provided by the ELF and RSA procedures is
negligible. This is primarily due to design provisions prescribed in AISC 341 (e.g., minimum width-to[]
thickness ratios for highly ductile braces). A summary of the equivalent seismic forces for each archetype
building is provided in Appendix B.

2.2.3.2 Wind Forces

Basic wind speeds are taken from the ASCE 7 wind maps based on locations along the west coast that
would have a high probability of producing structures assigned to SDC D. The basic wind speed is taken
to be 110 mph for the 700-year wind for strength design of components and 72 mph for the 10-year wind
for verifying story drifts (serviceability). Each archetype building is assigned to Exposure B and is not
considered rigid, with gust factors, G, for each principal direction computed assuming two percent
damping. Torsional wind effects are considered, and the directionality factor, kg, is 0.85. A summary of the
wind forces for each archetype building is provided in Appendix B.

Allowable wind drift limit is set to A / 400 (elastic) for the 10-year wind. Composite action between the
beams of the MWFRS and the concrete slab is considered for checking wind drift and when computing the
fundamental period, 71, for wind vibrations using an average /.y as recommended in AISC 360 commentary
for Chapter 1. The same gravity load combination used for the seismic drift analysis is used in the wind drift
analysis (see previous discussion under Earthquake Forces—§2.2.3.1).

Not all practitioners will use the 10-year wind to verify drift compliance (see ASCE 7 commentary for
Appendix C); the 25-year or 50-year may be used, depending on project-specific requirements. The 10-year
wind is considered appropriate for these structures, as the facade (curtain wall) is designed to accommodate
large in-plane seismic movements, and period control (i.e., acceleration) is typically not a concern for
building geometries in the range used for this investigation.

2.3 Structural Analysis and Mathematical Model

The archetype buildings are analyzed in ETABS, ver. 9.7.4 (CSI 2011a). A conventional second-order
elastic analysis is used to determine the required strength of components, and member and story
deformation demands (elastic and virtual inelastic). This type of analysis uses a constant reduced stiffness
matrix based on an initial gravity (i.e., P-A) load combination applied in a pre-analysis as follows:

e P-Aload combination for strength analysis: 1.2xDead + 0.25xFloor Live
e P-Aload combination for drift and stability verification analysis: 1.0xDead + 0.25xFloor Live

The analyses do not account for material nonlinearity or geometric imperfections (except for gravity-only
load combinations—see AISC 360 Chapter C). Because the stiffness matrix remains constant for all loads,
superposition of individual load effects in load combinations is applicable.

Each building is considered globally restrained horizontally, vertically, and rotationally at the seismic base

(taken at grade level). The base columns of the LFRSs are embedded into the foundation wall. As such,
column bases are modeled as rotationally restrained in the plane of the frames and rotationally unrestrained
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out-of-plane. Non-SFRS gravity column bases are considered rotationally unrestrained in both orthogonal
directions.

The mathematical models are based on centerline dimensions with rigid end offsets at the beam-to-column,
brace-to-beam / column, and brace-to-beam joints with panel zones explicitly modeled based on column
web and doubler plate (if required) geometry. The slabs are modeled as semi-rigid membrane diaphragms
(no out-of-plane bending stiffness) with a 0.5 in-plane stiffness modifier to account for cracking at the
design loads—see NIST GCR 11-917-10: Seismic Design of Composite Steel Deck and Concrete-filled
Diaphragms: A Guide for Practicing Engineers (NIST 2011b).

In the moment frames, reduced beam sections (RBS) are explicitly modeled in all SMF beams by
subdividing each member into seven segments; the RBS is modeled as two linearly-tapered sections. The
typical fully restrained (FR) beam-to-column connection is illustrated in Figure 2-6, and the equivalent
assembly model for linear analysis is shown in Figure 2-7.

c
ry
AM’
Section A-A
w Reduced Beam
Continuity Plates —| Section
typ., if required A A
Doubler Plate, N . : l
if required )
o
o
o g
o
o
Panel Zone —
15l

/

Figure 2-6. Typical FR RBS Beam-to-Column Connection Assembly

In the concentrically braced frames, member ends of the SCBF diagonal braces are rotationally unrestrained
out-of-plane and restrained in-plane (though design forces do not vary significantly if modeled as
unrestrained in both planes). Partially rigid end zones are included to capture gusset plate rigidity; the
tangible length of SCBF diagonal braces is taken equal to 90 percent of the distance between work points
(W.P.), L.

The adopted brace-to-beam / column connection in the SCBF allows the beam to rotate near the edge of the

gusset plate as shown in Figure 2-8—see AISC 341 Figure C-F2.8. The assembly model for linear analysis
is shown in Figure 2-9. A rotationally unrestrained connection (adjacent to the gusset plate) was selected
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because ASCE 41 does not prescribe flexural acceptance criteria for beam-to-column connections where a
brace is present. This approach also provides a seismic design and assessment that does not rely on the
contribution of non-brace assemblies for stiffness and strength. All other beam-to-column connections are
simple-type connections (i.e., rotationally unrestrained).

Section A-A
I Panel Zone Boundary
3 A Panel Zone Spring A
g
ine Element,
O \ / typ. |
B ‘ ‘ .
A 1 1 I
| a b2, |
c'\ T T T
E| Rigid End
Sl Z typ.
O| 4one, typ Reduced Beam
Y Section
L Beam, £, |
[« >

Figure 2-7. FR RBS Beam-To-Column Connection Subassembly Model for Linear Analysis

Diagonal braces were analyzed without gravity loads. Thus, two analyses were performed for each
archetype building: (1) a gravity load-only model with braces removed and (2) a lateral force and gravity

load model with braces in place. Load effects then were taken from the respective analysis for input into
load combinations.

Non-LFRS framing that primarily supports gravity loads is included in the mathematical models to capture
the “leaning column” effect. The gravity beams are modeled as composite beams with rotationally
unrestrained member ends (i.e., shear tab connections). The gravity columns are modeled as continuous
along the height of the building and designed for deformation compatibility. The increase in lateral stiffness
along the two principal axes due to these columns is negligible. Other than the columns, no other forms of

lateral stiffness attributed to non-SFRS framing (e.g., stairs) and nonstructural components are considered
in the mathematical model.
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Figure 2-9. Brace-to-Beam / Column Connection Subassembly Model for Linear Analysis
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2.4 SFRS Design

2.4.1 SMF Design

For the SMF designs, seismic drift criteria prescribed in ASCE 7 §12.12 tended to control member sizes
for both 4-story archetype buildings and the 8-story ELF-designed archetype building. The seismic stability
criteria prescribed in ASCE 7 §12.8.7 tended to control member sizes for the 8-story RSA-designed
archetype building and both 16-story archetype buildings (ELF design was more drift controlled than the
RSA design). The strong-column / weak-beam (SCWB) criteria using an amplified seismic load (axial) and
section compactness requirements provided additional constraint on column sizes where required.

The RBS beam-to-column connections were designed in accordance with AISC 358 with the flange cut out
dimensions optimized to produce the lowest probable moment, M,,. Because the bay length did not change,
the same beam depth was used for a given floor for uniform connection constructability and plastic hinge
sequencing optimization (i.e., yield rotation is theoretically equal). The panel zones are designed for
demands based on the probable moment of the RBS projected to the column face using nominal material
properties. AISC 360 §J10.6 (b) is applicable for panel zone design because the effect of panel zone
deformations on frame stability is explicitly considered in the analysis. The flow chart in Figure 2-10
illustrates the analysis and design process for an SMF. Additional details on design and construction of
special moment frames can be found in NIST GCR 09-917-3: Seismic Design of Steel Special Moment
Frames: A Guide for Practicing Engineers (NIST 2009b).

To reflect industry practice and reduce fabrication costs, column sizes were increased from that required
by analysis rather than adding doubler plates. AISC Design Guide 13 (AISC 1999) and Troup (1999)
showed that increasing the column size by up to 100 plf to eliminate both continuity plates and doubler
plates was often the more economical alternative. Some seismic specifications (e.g., AISC 341), however,
either require or suggest the use of transverse stiffeners in all high seismic applications. For these cases,
eliminating the need for doubler plates alone may still prove to be the economical choice (Lee et al. 2002).
In this study, this increase typically occurred at interior frame columns and on average was 100 plf for the
frame as a whole.

The Effective Length Method (see AISC 360 §C1) is used for design of the SMF columns, with the Story
Buckling Method (see commentary for AISC 360 Appendix 7) used to compute the effective length, KL =
K>L (see footnote 8) for determining the nominal compression strength, P,, of the column in the plane of
the frame. In all but one SMF, at least one story had B>, as defined in AISC 360 Appendix 8, greater than
1.1; all stories were less than 1.5 (see AISC 360 Appendix 7). Tabulated values for B, are provided in
Appendix B. KL = L was adopted for determining P, of the column out-of-plane of the frame.

8 AISC 360-05 (AISC 2005) used the term K> to define the in-plane effective length factor. AISC 360-10 Appendix 7 uses X in lieu
of K>. However, Kz is still used in the commentary of Appendix 7. Therefore, K> is also used here. Additional information can be
found in Steel Design Guide 28: Stability Design of Steel Buildings (AISC 2013).
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Figure 2-10. Flow Chart of SMF Design Process

Computation of in-plane effective length factors is generally considered to be not required for columns in
regular moment frames in high seismicity areas (i.e., adopting KL = L). Seismic story drift and stability
requirements in ASCE 7 typically result in significant in-plane story strength and stiffness above that
required by the analysis. However, the concept of story drift control without consideration of its effects on
a moment frame is a nontechnical rationale for neglecting the effective length factors for in-plane seismic
design of frame columns. Essentially, the effects of drift control reduce the error in calculating the beam-
column strength for load combinations including lateral forces because of the following (taken from White
and Hajjar 1997):

e The in-plane, strong-axis radius of gyration, 7y, is increased thus lowering KL / r, in the design
equation. Column strength varies little with large variations of KL / rx.

e The columns are heavily restrained at each end by deep beams, and subjected to nearly double-
curvature bending under sideway of the frame.

e The beam-column interaction check for the lateral force-resisting columns is dominated by the
moment term.
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Designers must also consider the vertical strength of a story’ loaded only with gravity-type loads, as well
as the correlation of the actual demand relative to this vertical strength (e.g., Psiory / Pesiory as defined in
AISC 360 Appendix 8). This story strength would represent the minimum value of P, (in the absence of
moment) for construction of the P-M interaction diagram for the in-plane strength of a frame column in the
story. Fundamentally, the effective length factor for a column is a function of the frame deformation
demands and the loading on the column. Consequently, a P-M interaction diagram would need to be
constructed for each category of load combination (e.g., vertical load, vertical plus horizontal loads)
considering the influence of the ratio of vertical to horizontal loading demands as well as which loading is
being incremented until incipient buckling. Theoretically, KL = L should be adopted when the physical
behavior of the column at its ultimate strength aligns with the theoretical definition of the compression
strength. Future studies should investigate designing the selected frames using the Direct Analysis Method
prescribed in AISC 360 Chapter C.

In proportioning frame members for this study, section depths were selected to maintain a low in-plane
relative beam-to-column stiffness ratio, G. AISC 360 commentary for Appendix 7 defines G for bending
about the strong-axis as Equation (2-1)—see AISC 360 for definitions of the variables and subscripts.

EI
Z Tb Lx,c

G=——¢< (2_1)

Other relationships can be used to show that G can be computed as function of the in-plane flexural section
strength, Z,xF), independent of the in-plane flexural stiffness, £x/.. Equation (2-2) shows that the strong-
axis plastic section modulus, Z,, is a function of the strong-axis moment of inertia, /;, and section depth, d.
Equation (2-3) rewrites the SCWB equation in AISC 341 (see §E3.4a) for a wide-flange section.

7 =2 2-2
T (2-2)
. Fq
min| L.18 1 -—= |,1.0 | Z__F,

M7c Py 5 . RAQ (2-3)

Pe = 21— Z, , <min| 1.18| 1-——[,1.0 |Z

p.b Zx,be Py
"G = L d Ly
P d, L, _
min{l.lS[l— ;Qj,1.0:| ’ (2-4)
v

9 The vertical story strength, Pe,siory, is a function of the elastic lateral stiffness of the story.
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In the previous equations, P, is the axial load demand in the column including the system overstrength
factor, Q2,, in ASCE 7 as required by AISC 341 §E3.4a. An additional rule of thumb is that d. > d / 2 and
d. < dp. For example, an 18-inch deep column and 24-inch deep beam were selected for the SMF in the 8[]
story building. Conservatively assuming a 15 percent reduction in plastic flexural strength of the column
leads to G = 1.9 (see Equation (2-5)). A 27-inch deep column and 36-inch deep beam could also have been

selected, but this would have been at the expense of architectural constraints and construction budget.

% d.L, _10d.360_, 18 14
| 18[1_ f;m] d, L. 0.85d, 168 24 (2-5)

y

G:

This approach assists in selecting member depths while attempting to minimize relative elastic flexural
stiffness variations between the beams and columns within a story, and between adjacent stories. As
discussed previously, computing G is not required unless the size of the frame column is governed by
strength requirements and one is using the Effective Length Method; tabulated values for K are provided in
Appendix B.

The lateral force distributions and story shears for each archetype building are provided in Appendix B.
Allowable drift compliance verification is provided in Appendix B. Similarly, verification for drift
amplification from global p-delta (P-A) effects and ASCE 7 stability verification are also provided in
Appendix B. Design calculations for select members and connections are provided to illustrate the design
process in Appendix B.

The 4-, 8-, and 16-story SMF frame designs are shown in Figure 2-11 through Figure 2-13. Each figure
shows both the RSA design (a) and the ELF design (b)—underlined member sizes indicate changes from
the RSA design. These figures also provide the RBS dimensions and fundamental periods of the archetype
building for various gravity loads (e.g., drift and strength design).
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2.4.2 SCBF Design

SCBF designs are included here to provide the required information of the building for SMF designs. For
the SCBF designs, seismic strength requirements prescribed in ASCE 7 and seismic compactness
requirements in AISC 341 controlled brace sizes for all archetype buildings. Section compactness and
capacity design requirements in AISC 341 §F2.3 (i) and (ii)—exception 2(a) is not considered here—
governed column and beam sizes. The beams in the 4-story frames are laterally braced per AISC 341 and
designed for the unbalanced load created by a buckled brace. For the 8- and 16-story frames, except at the
second floor, beam sizes were maintained at each floor based on the largest required strength (usually at
the third and fourth floors). The beams on the second floor had an atypical change in required strength
because of the variation in adjacent story heights. The flowchart in Figure 2-14 illustrates the analysis and
design process for an SCBF. Additional details on design and construction of special concentrically braced
frames can be found in NIST GCR 13-917-24: Seismic Design of Steel Special Concentrically Braced
Frame Systems: A Guide for Practicing Engineers (NIST 2013).
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Design Braces and
Brace
Connections.

o

\ 4

Iterate analysis
and design A
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341.
Design Columns
and Beams.

No Good?
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Figure 2-14. Flow Chart of SCBF Design Process
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Wind drift criteria began to influence the 16-story SCBF when two isolated 20-foot two-story braced bays
were used (as done in the 4- and 8-story archetype buildings). Therefore, a double 30-foot bay configuration
was adopted to minimize nonseismic force contributions to member selections, as well as to allow seismic
assessment of longer (potentially slender) braces.

The Effective Length Method (see AISC 360 §C1) is used for design of the SCBF braces, beams, and
columns. The effective length factor, K, was conservatively taken as unity for determining the nominal
compression strength, P,, of the SCBF members, although a lower value could be justified by analysis.
Though the gusset plate connections are not fully designed and detailed in this study, a lower value of K
could have been adopted where the rotational stiffness of the connection can influence the assumed
boundary conditions of the adjacent braces (out-of-plane buckling controlled design). Hollow structural
sections (HSS) are used as the diagonal braces in all archetype buildings while keeping face dimensions
within the adjacent column flange widths. The tangible length of SCBF braces is taken equal to 90 percent
of the distance between work points, L.,. Diagonal braces are designed not to carry gravity loads—see §2.3.

The lateral force distributions and story shears for each archetype building are provided in Appendix B.
Allowable drift compliance verification is provided in Appendix B. Similarly, verification for drift
amplification from global p-delta (P-A) effects and ASCE 7 stability verification are also provided in
Appendix B. Design calculations for select members and connections are provided to illustrate the design
process in Appendix B.

The 4-, 8-, and 16-story SCBF frame designs are shown in Figure 2-15 through Figure 2-17, respectively.
Each figure shows both the RSA design (a) and the ELF design (b)—underlined member sizes indicate
changes from the RSA design. These figures also provide the fundamental periods of the archetype building
for various gravity loads (e.g., drift and strength design).
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Chapter 3 Seismic Assessment

This chapter presents the results of the seismic assessment of the special moment frames in accordance with
ASCE 41. Section 3.1 provides general discussions on the global analysis requirements for assessment.
Analysis requirements specific to moment frames and assessment results of primary components of the
frames are provided in Section 3.2.

3.1 Assessment Overview

A seismic performance assessment of the special moment frames is conducted using both linear and
nonlinear analysis procedures prescribed in ASCE 41 §2.4:

o Linear Static Procedure [ASCE 41 §3.3.1]

e Linear Dynamic Procedure (Response Spectrum) [ASCE 41 §3.3.2] '
e Nonlinear Static Procedure [ASCE 41 §3.3.3] !

e Nonlinear Dynamic Procedure [ASCE 41 §3.3.4]

Seismic assessment analyses follow the guidelines outlined in ASCE 41 Chapters 1 through 3, and, where
applicable, ASCE 41 Chapter 5. Foundations, including soil-structure interaction, and geological site
hazards (ASCE 41 Chapter 4) are not considered in this study. Modeling and assessment requirements for
steel structural systems follow the provisions in ASCE 41 Chapter 5. Any deviations from these guidelines
are explained where applicable.

The seismic performance target (i.e., ‘rehabilitation objective’) for this study is selected as the Basic Safety
Objective (BSO) in ASCE 41 §1.4.1. This selection allows the correlation between the seismic performance
objective intended by ASCE 41 and the intended design objective of ASCE 7 for an ordinary building'? to
be evaluated. The BSO associated goals for Structural Performance Levels (SPLs) found in ASCE 41 §1.5.1
and Earthquake Hazard Levels (EHLs) found in ASCE 41 §1.6 are given in Table 3-1. Nonstructural
Performance Levels (NPLs) found in ASCE 41 §1.5.2 are not considered in this study. The target Building
Performance Levels (BPLs) found in ASCE 41 §1.5.3 are given in Table 3-1.

The only explicit connection between the target structural performance objectives (i.e., SPL) of the BSO
in ASCE 41 and the intended structural design performance objective of ASCE 7 is ‘Collapse Prevention’
given an MCE event, assuming that the BSE-2 EHL is equivalent to the MCE defined by ASCE 7—see
Table 1-1 and Table 3-1. It is presumed by ASCE 7 that an appropriately designed structure using a seismic
hazard of %xMCE will achieve this structural design performance objective. ASCE 7 does not explicitly

19 The user can alternatively perform a linear response history analysis. This was not done in this study, although it would bypass
the limitations of using modal response spectrum analysis.

! Simplified Nonlinear Static Procedure (NSP) is not considered.

12 Structures assigned to Risk Category II or lower.
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identify a target structural design performance objective for ‘Life Safety’ at %5<xMCE. Rather, ASCE 7
contains implicit life safety measures to protect against loss of life from nonstructural damage at the design-
level event, 23xMCE.

Table 3-1. Seismic Performance Targets (from ASCE 41-06)

Earthquake Hazard Earthauake Intensit Structural Nonstructural Building

Level qu Y Performance Level  Performance Level Performance Level
BSE-1-§1.6.1.2 2/3xBSE-2 Life Safety (S-3) Not Considered (N-E) Life Safety (3-E)
BSE-2 - §1.6.1.1 Maximum Considered ~ Collapse Not Considered (N-E) Collapse

Earthquake (MCE) Prevention (S-5) Prevention (5-E)

Prior to ASCE 7-10, the MCE was defined as a uniform seismic hazard associated with a two percent
probability of being exceeded in 50 years, except near known faults where deterministic-based hazards
controlled. ASCE 7-10 adopted a risk-targeted design philosophy that shifts from a uniform hazard design
basis to a uniform risk design basis, and defines the MCE ground motion intensity (denoted as MCER) as
ground motions having a one percent probability of causing total or partial structural collapse in 50 years.
This risk has a conditional probability (‘anticipated reliability’) of ten percent probability of total or partial
structural collapse conditioned on the occurrence of an MCE event—see ASCE 7 Table C.1.3.1b. Several
reference documents are available for more information about this implementation (FEMA 2009b,
commentary of ASCE 7-10 (3™ printing), and NIST 2012). Therefore, the approved MCE in ASCE 41-06
§1.6.1.1 (see BSE-2 in Table 3-1) should be taken as the MCER in ASCE 7-10 to maintain equivalency
between the standards. ASCE 41-13 §2.2.4 prescribes using the MCEg to define the BSE-2 EHL for the
new building equivalency track. The seismic performance targets for this study are taken from ASCE 410
13 and are given in Table 3-2.

Table 3-2. Seismic Performance Targets (from ASCE 41-13)

Earthquake Hazard Earthquake Intensit Structural Nonstructural Building Performance
Level qu Y Performance Level Performance Level Level
BSE-IN'-§2.4.1.2 2/3xBSE-2N Life Safety (S-3) Not Considered (N-E) Life Safety (3-E)

Maximum Considered  Collapse Prevention Collapse Prevention

Earthquake (MCEz) (S-5) (5-E)

! ASCE 41-13 expanded the term ‘BSE’ to include ‘N’ or ‘E’ depending on the chosen assessment track. For this project, the ‘N’ is dropped to follow the terminology used
in ASCE 41-06.

BSE-2N!'-§2.4.1.1 Not Considered (N-E)

This study does not evaluate assessment results for earthquake hazard levels with return periods shorter
than identified above or building performance levels below Life Safety. Future research efforts may
evaluate incorporating other performance levels for design in ASCE 7—see NIST GCR 12-917-20:
Tentative Framework for Development of Advanced Seismic Design Criteria for New Buildings (NIST
2012).
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3.1.1 Seismic Hazard

The seismic hazard is defined in ASCE 41 §1.6. The spectral response parameters for the BSE-2 (= BSE[
2N—see above) and BSE-1 (= BSE-1N—see above) EHLs are given in Table 3-3. The parameters
summarize the seismic hazard'® for Site Class D, Stiff Soil, in ASCE 41 §1.6.1.4.1.

Table 3-3. Spectral Response Parameters

SS S[ 3 3 SXS SXI
EHL F, F, T, (sec Ty (sec
©  © © (&) (sec)  Toleec)
BSE-2 1.5 0.60! 1.0 1.50 1.50 0.90 0.60 0.12
BSE-1 2 1.5 0.60 ! 1.0 1.50 1.00 0.60 0.60 0.12

! 8 is actually just under 0.60 (i.e., 0.599)
Ssand S1 do not include 2/3 reduction prior to site class modification
3 See ASCE 41 Table 1-4 and Table 1-5

Figure 3-1 illustrates the generalized response spectrum for BSE-1 and BSE-2.
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Figure 3-1. Acceleration Response Spectra

3.1.2 General Analysis Requirements

This section discusses the implementation of the general analysis requirements prescribed in ASCE 41 §3.2

in this study.

ASCE 41 §3.2.2—Mathematical Modeling: The archetype buildings are modeled in three-dimensions.
Increased forces and displacements because of torsional demands are inherently addressed in the threel]

13 The seismic hazard in ASCE 41-13 is the MCEg, ground motion based on a risk-targeted design philosophy in which an
appropriately designed structure will have a one percent probability of collapse (i.e., risk) in 50-years (except in areas controlled

by the deterministic cap on ground motions—see ASCE 7 commentary for Chapter 11).
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dimensional analysis. Because of building symmetry, the inherent torsional moment at each floor is
theoretically zero. Accidental torsional moment (i.e., five percent mass offset) at each floor is not
considered in the assessment analyses because the displacement modifier, 7, associated with the applied
loads including accidental torsion is less than 1.1 at every floor for all buildings (see Table 3-4 and Table
3-5). The values in these tables for determining torsional irregularity are based on floor displacements
relative to the base and not story drifts as used in ASCE 7",

All members and connections of the seismic force-resisting system (SFRS) are classified as primary
components in accordance with ASCE 41 §2.4.4.2 for both linear and nonlinear assessment procedures.
Gravity framing (non-SFRS members and shear tab connections) is assumed in this study to provide
negligible analytical lateral stiffness and strength—see ASCE 41 §3.2.2.3. Therefore, components of the
non-SFRS framing are classified as secondary components for both linear and nonlinear assessment
procedures. Similar to the assumptions adopted for design, specific component stiffnesses (e.g., partially
restrained composite shear tab connections and stairs) are not modeled explicitly in the mathematical model.
This is done to minimize the influence of secondary components on the demands imposed on primary
components. This will allow assessment results between linear and nonlinear analysis to be compared.
Performance assessment of these secondary members is outside the scope of this study—though would
need to be checked in a real retrofit design. In addition, foundation or soil flexibility is not included in the
analysis. Models for anticipated component inelastic actions in nonlinear assessment procedures include
both strength and stiffness degradation—discussed subsequently in §3.2.

ASCE 41 §3.2.3—Configuration: Building irregularities are discussed in ASCE 41 §3.1.3.1. Building
irregularities defined in ASCE 41 are used only to determine whether the linear procedures are applicable.

ASCE 41 §3.2.4—Diaphragms: Floor diaphragms are modeled for analysis as semi-rigid membranes (i.e.,

stiff per ASCE 41). The same assumptions adopted in design are maintained for assessment.

ASCE 41 §3.2.5—P-A Effects: Global P-A effects are considered in the linear and nonlinear analyses, for
both static and dynamic. Local P-¢ effects are not addressed either explicitly or implicitly in the analyses.

ASCE 41 §3.2.6—Soil-Structure Interaction: Soil-Structure Interaction is not considered in the seismic

assessment of the archetype buildings.

ASCE 41 §3.2.7—Multidirectional Seismic Effects: The principal axes of the archetype buildings align
directly with the E-W and N-S directions (performance in the E-W direction is presented in this report).
Seismic effects are determined by applying the seismic forces independently in each of the two orthogonal
directions. Per ASCE 41 §3.2.7.1, concurrent seismic effects are addressed in the assessment by combining
the effects along each principal axes.

14 Amplification of the accidental torsion, if required, is consistent between ASCE 41 and ASCE 7.
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ASCE 41 §3.2.7—Vertical Seismic Effects: Vertical seismic effects are not considered for seismic

assessment of the archetype buildings. Masses are input for horizontal accelerations only for dynamic
analysis.

ASCE 41 §3.2.8—Gravity Loads: Gravity loads for the linear assessment procedures are applied using the
following two load combinations (LC). Roof live loads are considered not to be present for seismic analysis.

There is no snow load acting on the buildings.

e LCI=1.1x(Dead+0.25xUnreduced Floor Live)
e LC2=0.9%Dead

A P-A load combination based on LC1 above is used for the linear assessment analyses; consequently, this
is conservative for analysis using LC2.

Both gravity load combinations above are used for the nonlinear static procedure. The average of the two
combinations (LC1 and LC2) is applied in the nonlinear dynamic procedure.

e LC3=1.0xDead+0.25xUnreduced Floor Live
A P-A load combination based on LC3 above is used for the nonlinear assessment analyses.

ASCE 41 §3.2.9—Verification of Design Assumptions: The following design objectives are verified with
the nonlinear dynamic procedure.

e SMF—Strong Column Weak Beam (SCWB) (AISC 341)

e SMF—adequate flexural and shear strength in beam at the face of column (AISC 358)
e SMF—adequate shear strength at the center of the RBS (AISC 358)

e SMF—in-plane and out-of-plane stability of columns (AISC 360)

ASCE 41 §3.2.10—Overturning: Overturning is not considered for design or seismic assessment of the

archetype buildings.
3.1.3 Analysis Procedures

This section discusses the implementation of the specific analysis procedures prescribed in ASCE 41 §3.3
in this study.

3.1.3.1 Linear Analysis Procedures

The archetype buildings are modeled and analyzed in ETABS 9.7.4 (CSI 2011a) for the linear analyses.
The assumptions used in the mathematical model and analysis techniques are the same as those adopted for
design (see Chapter 2). Modeling and analysis considerations for the linear procedures are outlined in ASCE
41 §3.2.2 with supplemental information provided in ASCE 41 §3.3.2.2 for the Linear Dynamic Procedure
(LDP). Gravity loads and load combinations assumed present during the earthquake are computed from
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ASCE 41 §3.2.8 as discussed previously. The effective horizontal seismic weights, w, for analysis are
computed in accordance with ASCE 41 §3.3.1, and are the same as those used for design (see Chapter 2).
Global P-A effects (e.g., B> in AISC 360 Appendix 8) are addressed in the analysis by using a simplified
algorithm—see ETABS User Manual. ETABS does not explicitly include local P-deffects (e.g., B1 in AISC
360 Appendix 8). System specific modeling assumptions and analysis techniques are described in their
respective sections.

Table 3-4. Displacement Multiplier—E-W (SMF)

7= Onax | Ong
MC4 MC8 MC16

Floor ELF RSA ELF RSA ELF RSA
Roof - 0 0 0 1.010  1.008
16 - O O O 1.009  1.007
15 - O O O 1.009  1.007
14 - 0 0 0 1.009  1.007
13 - 0 0 0 1.009  1.007
12 - O O O 1.009  1.007
11 - 0 O 0 1.008  1.007
10 - O 0 0 1.008  1.007
9 (Roof MC8) - - 1.010  1.007 1.008  1.007
8 - - 1.010  1.007 1.008  1.007

7 - - 1.009 1.006  1.008 1.007

6 - - 1.009 1.006 1.008  1.007
5 (Roof MC4) 1.006  1.006 1.008 1.005 1.008 1.007
4 1.006 1.006 1.008 1.005 1.008 1.007
3 1.005 1.005 1.007 1.005 1.008 1.007
2 1.005 1.005 1.007 1.005 1.008 1.007

Values shown to four significant figures are for comparison purposes only.

Table 3-5. Displacement Multiplier—N-S (SCBF)

7= Onax | Ong
MC4 MC8 MC16

Floor ELF RSA ELF RSA ELF RSA
Roof 0 0 0 0 1.088  1.090

16 0 0 0 0 1.088  1.090

15 0 O O O 1.088  1.090

14 0 O O 0 1.088  1.090

13 O O 0 0 1.089  1.090

12 0 0 0 0 1.089  1.090

11 0 \ \ 1.089  1.090

10 O O 0 0 1.089  1.091

9 (Roof MC8) 0 0 1.087 1.091 1.089  1.091
8 1.087 1.091 1.089  1.091

7 0 0 1.088 1.091 1.089  1.091

6 O O 1.088 1.092 1.090 1.091
5(Roof MC4)  1.093 1.094 1.089 1.092 1.090 1.091
4 1.094  1.095 1.090 1.093 1.090 1.091

3 1.094 1.095 1.090 1.093 1.090 1.091

2 1.094  1.095 1.091 1.093 1.089  1.090

Values shown to four significant figures are for comparison purposes only.
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ASCE 41 §2.4.1.1 prescribes restrictions on the use of the linear procedures. First, a retrofitted '> SFRS
must not contain certain types of structural irregularities where the earthquake demands on the primary
components of the SFRS fail to comply with the demand capacity ratio (DCR) limitations.

per=4w <2 3-1)

CE

where Qup is the demand on a component due to gravity and earthquake loads and Qcr is the expected
strength of the component. The archetype buildings do not contain any configuration-based in-plane or out-
of-plane irregularities. Further, a linear analysis procedure must be performed to determine whether a
building contains a weak story or torsional strength irregularity. Because of plan symmetry and regularity
of the archetype buildings, there are no torsional irregularities. The required weak story irregularity
verifications are discussed subsequently in the linear static procedure for each specific system type.

3.1.3.1.1 Linear Static Procedure

The Linear Static Procedure (LSP) is outlined in ASCE 41 §3.3.1. The provisions of the LSP closely
resemble those of the ELF procedure in ASCE 7; as such, no additional analysis details are presented here.
However, one place where ASCE 7 and ASCE 41 differ is in the determination of the fundamental period,
T, in the direction being analyzed. ASCE 41 does not place an upper-bound limit on the period used for
assessment as ASCE 7 does for strength design. In this study, the fundamental periods are determined by
eigenvalue analysis per ASCE 41 §3.3.1.2.1.

Further restrictions on the use of the LSP are prescribed in ASCE 41 §2.4.1.2. The LSP cannot be used if
any of the following occur:

e The fundamental period of the building, 7, is greater than 3.5xT; (= 3.5%0.6 = 2.1 seconds in this
study). This trigger is similar to that used in ASCE 7; however, like ASCE 7, which computation
method for 7'to be used in this evaluation is not clear. If the analytical method (ASCE 41 §3.3.1.2.1)
is used, only the E-W component of the ELF-designed MC4 and N-S components of all the
buildings satisfy this requirement—see Table 3-6 (directional components that fail this criteria are
shaded). If the empirical method (ASCE 41 §3.2.1.2.2) is used, all building components satisfy this
constraint except the E-W component of MC16. In this study, this analysis constraint is disregarded
to allow an assessment comparison between methods—see Table 3-7 (directional components that
fail this criteria are shaded).

o The building has a ratio of the horizontal dimension at any story to the corresponding dimension in
an adjacent story that exceeds 1.4. In this study, this constraint is satisfied because the building
plan does not change at any story.

e The building has a torsional stiffness irregularity. This limitation is satisfied as discussed previously
under accidental torsion as well as in Chapter 2. In this study, this check is based on the individual
story drift rather than the floor displacement relative to the base.

e The building has a vertical stiffness irregularity. In this study, this limitation is automatically
satisfied by using ASCE 7 §12.3.2.2 Exception 1 for the design of the archetype buildings.

15 This term is now used in lieu of ‘rehabilitation’.
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e The building has a non-orthogonal SFRS. In this study, this limitation is not applicable to the
archetype buildings.

Regardless of the restrictions on using the LSP, results from applying the LSP to the archetype buildings
are included for the purpose of seismic performance comparison between the various assessment methods
in this study.

Table 3-6. Analytical Fundamental Periods (seconds)

MC4 MC8 MCl16
Direction SFRS ELF RSA ELF RSA ELF RSA
E-W SMF 1.83 2.23 2.93 3.84 4.39 5.05
N-S SCBF 0.67 0.72 1.45 1.51 2.09 2.14

Table 3-7. Empirical Fundamental Periods (seconds)

MC4 MC8 MC16
Direction __ SFRS ELF RSA ELF RSA ELF RSA
E-W SMF 0.93 0.93 1.57 1.57 2.69 2.69
N-S SCBF 0.43 0.43 0.71 0.71 1.17 1.17
3.1.3.1.2 Linear Dynamic Procedure

The Linear Dynamic Procedure (LDP) is outlined in ASCE 41 §3.3.2. The LDP requires the use of either
response spectrum analysis (RSA) or response history analysis (RHA)—only the RSA is presented in this
report. Though there are significant benefits of using the RHA (e.g., maintaining sign convention on
response), the RSA was selected to align with the design methodology. The provisions of the LDP closely
resemble those of the RSA procedure in ASCE 7; as such, no additional analysis details are presented here,
except that no base shear scaling is required by ASCE 41. Damping for analysis is taken as five percent of
critical for all modes for dynamic analysis to match the response spectrum (see ASCE 41 §1.6.1.5.3). A
sufficient number of modes is used in the analysis to capture at least 90 percent of the mass participation in
each of the two horizontal principal directions. Masses were not modeled in the analysis to address vertical
accelerations. Furthermore, the square root of the sum of the squares (SRSS) rule is used to combine the
modal responses so as to obtain the maximum forces and deformations.

3.1.3.2 Nonlinear Analysis Procedures

The archetype buildings are modeled and analyzed in PERFORM-3D 5.0.0 (CSI 2011b) for the nonlinear
procedures. Modeling and analysis considerations for the nonlinear procedures are outlined in ASCE 41
§3.2.2 with supplemental information provided in ASCE 41 §3.3.3.2 for the Nonlinear Static Procedure
(NSP) and ASCE 41 §3.3.4.2 for the Nonlinear Dynamic Procedure (NDP). Primary components of the
SFRS expected to experience inelastic deformations are modeled using a full “backbone” curve that
includes strength and stiffness (applicable only for the NDP) degradation and residual strength. For this
study, all nonlinear components are modeled with the anchor points (A to E) bounding the full backbone
curve as shown in ASCE 41 Figure C2-1 and Figure 5-1—see Figure 3-2. This topic will be discussed
further in the respective analysis and system-specific sections.
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Gravity loads and corresponding load combination assumed to be present during the earthquake are
computed from ASCE 41 §3.2.8 as discussed previously. The effective horizontal seismic weights, w, for
analysis are computed in accordance with ASCE 41 §3.3.1 and are the same as those used for design (see
Chapter 2). Global P-A effects (e.g., B> in AISC 360 Appendix 8) are addressed in the analysis by using a
simplified algorithm—see PERFORM-3D User Guide (CSI 2011d). PERFORM-3D does not explicitly
include local P-J effects (e.g., Bi in AISC 360 Appendix 8). Building specific modeling assumptions and
analysis techniques are described in their respective sections.

ASCE 41 Backbone Curve

Sir
ength, O PERFORM-3D Backbone Curve

A

> Primary Acceptance Criteria
= : C © Immediate Occupancy

@ Life Safety

o=y =~ 5 A EY @ Collapse Prevention

» Deformation, 8

o Parameters a, b, ¢, and acceptance criteria are provided in ASCE 41.

o Underlined parameters are notation used by PERFORM-3D.

o Analysis software has the ability to maintain the strength or allow
complete strength loss at Point E (for some components).

Figure 3-2. Generalized Component Backbone Curve (adopted from ASCE 41 Figure C2-1)

3.1.3.2.1 Nonlinear Static Procedure

The Nonlinear Static Procedure (NSP) is outlined in ASCE 41 §3.3.3. ASCE 41 places limitations on the
use of the NSP in ASCE 41 §2.4.2. First, if higher modes are significant, the NSP is permitted with
supplemental verifications required using the LDP. Higher mode effects are consider significant when the
story shear computed by analysis with at least 90 percent horizontal mass participation is at least 1.3 times
greater than that computed considering only response in the fundamental mode. This condition is generally
triggered in multistory buildings with fundamental periods greater than 1.0 second in the direction being
considered (see Table 3-8 and Table 3-9—story shear ratios that fail this criteria are shaded).

Second, if R > R (as defined in ASCE 41 §3.3.3), dynamic instability is a potential failure mode and the
NSP is not permitted. Information regarding this ductility criterion as applied to an idealized single-degree[’
of-freedom (SDOF) system is provided in FEMA 440: Improvements of Nonlinear Static Seismic Analysis
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Procedures (FEMA 2005). However, this verification is computationally cumbersome because a nonlinear
static analysis has to be conducted to determine both R and Ry, prior to knowing if the NSP is permitted.
This verification is illustrated subsequently in the NSP assessment results. The NSP procedure is
graphically illustrated in the flowchart of Figure 3-3.
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Figure 3-3. NSP Process
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Table 3-8. Story Shear Ratio - ELF

Vsmry/ Vsmry, Ist mode

MC4 MCS8 MCl16 MC4 MCS8 MCl16

Story E-W E-W E-W N-S N-S N-S
Roof - - 2.96 - - 2.07
16 - - 2.03 - - 1.83

15 - - 1.61 - - 1.61

14 - - 1.41 - - 1.43

13 - - 1.29 - - 1.28

12 - - 1.20 - - 1.17

11 - - 1.14 - - 1.09

10 - - 1.09 - - 1.05

9 (Roof) - 1.98 1.07 - 1.57 1.04
8 - 1.41 1.07 - 1.31 1.05

7 - 1.19 1.06 - 1.13 1.07

6 - 1.10 1.07 - 1.03 1.12

5 (Roof) 1.45 1.05 1.08 1.07 1.02 1.17
4 1.10 1.03 1.11 1.01 1.06 1.22

3 1.01 1.05 1.15 1.00 1.13 1.26

2 1.06 1.10 1.19 1.02 1.20 1.29

Table 3-9. Story Shear Ratio - RSA

Vitory / Vstory, st mode

MC4 MC8 MC16 MC4 MC8 MC16

Story E-W E-W E-W N-S N-S N-S
Roof - - 3.10 - - 2.11
16 - - 2.11 - - 1.86

15 - - 1.65 - - 1.64

14 - - 1.42 - - 1.45

13 - - 1.30 - - 1.29

12 - - 1.22 - - 1.18

11 - - 1.15 - - 1.10

10 - - 1.11 - - 1.05

9 (Roof) - 2.25 1.09 - 1.59 1.04
8 - 1.50 1.09 - 1.33 1.05

7 - 1.22 1.09 - 1.14 1.08

6 - 1.12 1.09 - 1.03 1.13

5 (Roof) 1.58 1.07 1.11 1.08 1.02 1.18
4 1.14 1.05 1.15 1.01 1.08 1.24

3 1.01 1.08 1.21 1.00 1.17 1.28

2 1.08 1.16 1.26 1.02 1.25 1.31

The mathematical model requirements for use with the NSP are outlined in ASCE 41 §3.2.2 and ASCE 41
§3.3.3.2. Primary components of the SFRS expected to experience inelastic deformations are modeled
using full backbone curves that include strength degradation and residual strength (see ASCE 41 §3.2.2.3
and ASCE 41 §3.3.3.2). ASCE 41 §5.4.2.2.2 allows the generalized modeling parameters provided in
ASCE 41 to model the full backbone curves of steel components for the NSP as an alternative to
experimental calibration. In this study, all nonlinear components are modeled with the anchor points (A to
E) bounding the full backbone curve as shown in Figure 3-2 and quantified in ASCE 41 Tables 5-6 and 5[
7. Component strength at the ultimate deformation, point E on the backbone curve, retains residual strength
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and does not experience complete strength loss. SFRS-specific modeling approaches are discussed in their
respective sections.

For the nonlinear static analysis algorithm in PERFORM-3D, the following apply:

o The lateral force distribution is based on a non-adaptive first-mode shape (first-order elastic) and
mass distribution.

e Damping is set to zero percent for all modes with no supplemental Rayleigh damping. All elements
are assigned a beta-K damping stiffness reduction factor of unity (no reduction).

e Strength degradation is included in the analysis.

e Global P-A effects are directly included in the analysis. Local P-¢ effects are not addressed in the
analysis. Geometric nonlinearity is assigned to all elements.

o Number of Steps is taken as 100 and Maximum Number of Events is taken as 1,000.
Roof displacement at the center of mass relative to the base is used as the target displacement. The
reference drift is therefore taken as the roof drift; the maximum allowable drift is taken as 10
percent. All story drifts are included in the list of Controlled Drifts.

e See PERFORM-3D User Guide for additional information.

3.1.3.2.2 Nonlinear Dynamic Procedure

The Nonlinear Dynamic Procedure (NDP) is outlined in ASCE 41 §3.3.4. The NDP is intended to be the
most rigorous of all the assessment procedures prescribed, with no limitations placed on types of buildings
allowed for the assessment because of the intent of capturing the true behavior of the building subjected to
strong ground motions.

The mathematical model requirements for use with the NDP are outlined in ASCE 41 §3.2.2 and ASCE 41
§3.3.4.2, except that the point-in-time gravity load present during strong ground motion is taken as (D +
SD) + 0.25%L, sioor, @ slight but common alternative to ASCE 41 §3.2.8 (see ASCE 7 §16.2.3). Primary
components of the SFRS expected to experience inelastic deformations are modeled using full backbone
curves that include strength and stiffness degradation and residual strength (see ASCE 41 §3.2.2.3 and
ASCE §3.3.4.2).

For the NSP, ASCE 41 §5.4.2.2.2 allows using the generalized modeling parameters provided in ASCE 41
Tables 5-6 and 5-7 to model the full backbone curves of steel components as an alternative to experimental
calibration. However, for the NDP, ASCE 41 §5.4.2.2.3 requires all component hysteretic behavior be based
on experimental data unless permitted by the authority have jurisdiction. The benefit of calibrating
component models with experimental results is that the force-deformation relationship will more accurately
reflect strength and stiffness degradation, both cyclic and in-cycle—see NIST GCR 10-917-5: Nonlinear
Structural Analysis for Seismic Design: A Guide for Practicing Engineers (NIST 2010a) and FEMA P[]
440A: Effects of Strength and Stiffness Degradation on Seismic Response (FEMA 2009c). In this study, all
nonlinear components are modeled with the anchor points (A to E) bounding the full backbone curve as
shown in Figure 3-2 and quantified in ASCE 41 Tables 5-6 and 5-7. All nonlinear components are calibrated
based on experimental results to determine cyclic and in-cycle stiffness degradation only; post-yield
strength increases and strength degradation calibrations from experimental results were not included.
Component strength at the ultimate deformation, point E on the backbone curve, retains the residual strength
and does not experience complete strength loss. SFRS-specific modeling approaches are discussed in their
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respective sections. Therefore, the same PERFORM-3D model used in the NSP is also used in the NDP;
analytical results from the two procedures are thus consistent and directly comparable. Future ASCE 41
revisions should unify modeling practices for the NSP and NDP, as well as provide supporting data to the
authority having jurisdiction. Future research should examine the response of these systems with hysteretic
models calibrated completely to test results, including performing FEMA P695 analyses.

The nonlinear dynamic analysis algorithm in PERFORM-3D used the following parameters:

o Damping is taken as three percent of critical for all modes (elastic) and 0.3 percent of critical is
added as Rayleigh damping (elastic stiffness component only, beta-K) for dynamic analysis.
Damping computation in PERFORM-3D is not based on the tangent stiffness matrix. All elements
are assigned a beta-K damping stiffness reduction factor of unity (no reduction).

e Strength and stiffness degradation are included in the analysis.

e Global P-A effects are directly included in the analysis. Local P-9 effects are not addressed in the
analysis. Geometric nonlinearity is assigned to all elements.

e Maximum Number of Events for each time step is taken as 200.

e Time steps for analysis are taken as the time step of the input motion, ranging from 0.005 to 0.02
seconds—see FEMA P695 Appendix A.
e See PERFORM-3D User Guide for additional information.

A critical aspect of the NDP is the selection and scaling of input ground motions (free-field motions) which
is described in ASCE 41 §1.6.2.2. The methodology adopted in this study is discussed in Appendix A.

In addition to the analysis routine terminating when a solution fails to converge, the routine was also set to
terminate when an arbitrarily selected roof drift ratio of twenty percent'® is achieved (story drift ratios can
be higher). While both of these methods are used to indicate and rationalize total or partial collapse of a
system, the indicator of collapse used in this study is the component demands measured against the
nonlinear modeling parameters and acceptance criteria. These component limits will typically be reached
prior to an analysis routine failing to converge or an excessive roof drift is reached.

3.1.4 Acceptance Criteria

This section discusses the implementation of the acceptance criteria in ASCE 41 §3.4. Component actions
are classified as force-controlled or deformation-controlled depending on the post-elastic behavior of the
component (see ASCE 41 Table C2-1). Generally speaking, deformation-controlled actions are assigned to
component actions capable of a ductile response (e.g., moment in a plastic hinge in a compact beam) and
force-controlled actions are assigned to component actions with limited ductility (e.g., moment in a plastic
hinge in a column with high axial load). Additionally, a knowledge factor, x; is applied to account for
uncertainties in the framing system and materials. Since the archetype buildings are new construction with
quality control measures, x is taken as unity in this study to represent new component capacities or actions
as discussed in ASCE 41 §2.2.2 and ASCE 41 Tables 2-1, 2-2, and 2-3.

16 This value does not change the qualitative performance result of a component; however, it can influence the mean value of a
performance response for a set of records. For example, mean values would be slightly larger than if ten percent was selected.
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3.1.4.1 Linear Procedures

Acceptance criteria of components for linear assessment procedures are provided as m-factors. The m-factor
is intended to account for the ductility associated with a specific action and depends on the SPL and
component type. ASCE 41 Table 5-5 provides the m-factors for steel components for linear assessment
procedures. Adjustments to the m-factors for member or connection characteristics are detailed in ASCE
41 Chapter 5. In this study, actions in force-controlled components are assigned m = 1.0 for simplicity and
computational consistency in developed assessment spreadsheets. It should be noted that ASCE 41 does
not assign an m-factor to force-controlled components.

3.1.4.1.1 Calculating Component Assessment Results

Component forces and deformations obtained by the LSP or LDP are referred to as design actions, Qv (e.g.,
flexure in a component).

Component design actions classified as deformation-controlled, Qup, are computed by
Op,=0.t0, (ASCE41§3.4.2.1.1) (3-2)

Component design actions classified as force-controlled, Qur, are computed by

_ Ok
Our =0, + C.CT (ASCE 41 §3.4.2.1.2) (3-3)

where Qg is the action due to gravity loads and QO is the action due to earthquake effects. Elastic force-
controlled demands from earthquake effects are divided by C;C: to remove the demand amplification for
short period structures from non-ductile components (see ASCE 41 §3.3.1). Similarly, the demand is
divided by J, which is the force-delivery reduction factor and is taken as the minimum demand capacity
ration (DCR) of the components in the load path delivering force to the component. Alternatively, J can be
taken as 2.0 when the system is located in a region of a high level of seismicity, independent of EHL.
However, holding J constant for multiple performance levels (disregarding the change in intensity) is not
consistent with a capacity design approach, resulting in potentially overly conservative estimates of
component actions in force-controlled elements at the higher EHL, or vice versa.

ASCE 41 §3.4.2.2 requires that deformation-controlled and force-controlled actions in primary and
secondary components satisfy:

Deformation-controlled:  mxQq; 2Q,, (ASCE41 §3.42.2.1) (3-4)

Force-controlled:  (m)kQ 20, (ASCE 41 §3.4.2.2.2) (3-5)
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where m is the component demand modification factor (taken as unity for force-controlled actions—see
above), x is the knowledge factor (taken as unity in this study), Ocg is the expected strength of the
component, and Q¢ is the lower-bound strength of the component.

The results of the linear assessment procedures are presented in this report as a normalized demand capacity
ratio, DCRy, so that the acceptance criteria verification becomes a unity check similar to that done in modern
component design standards (e.g., AISC 360). DCRy is computed by rearranging ASCE 41 Eq. 3-20 and
ASCE 41 Eq. 3-21 as required. As such, a DCRy value greater than unity indicates that the component does
not satisfy the performance criteria for a given SPL. DCRy is similar to, but different than, the DCR as used
in ASCE 41. This approach is also a more consistent way to present results over the various types of
assessment procedures used in this study. However, a slightly different interpretation is also taken in this
study with regards to the DCRy: in lieu of m and x adjusting the apparent strength of a component, as
illustrated in ASCE 41 §3.4.2.2, m and « act to reduce the elastic demand to the expected demand given an
EHL. Where required, the DCRy is determined from an interaction equation from the appropriate equation.

Deformation-controlled: ~ DCR,, = G _DCR (3-6)
mxQc, MK
Force-controlled.  DCR,, = _ Y [with m taken as 1.0] (3-7)
(m) KQc;

3.1.4.2 Nonlinear Procedures

Acceptance criteria of components for nonlinear assessment procedures are provided as plastic (inelastic)
deformations dependent on the SPL and component type. ASCE 41 Tables 5-6 and 5-7 provide the plastic
deformations limits for steel components for nonlinear assessment procedures. Adjustments to the
acceptance criteria for member or connection characteristics are detailed in ASCE 41 Chapter 5.

Inelastic deformation parameters in ASCE 41 are provided for steel components in terms of plastic
deformations rather than total deformations. The choice of whether to use plastic deformations or total
deformations will depend on what nonlinear component model is adopted for each component action in the
structural analysis (e.g., moment-curvature hinge or moment-rotation hinge). Consequently, yield and post-
yield elastic deformations may need to be added to the values given in ASCE 41 to determine the total
deformation for each SPL.

In this study, demands on primary components of new buildings are measured against acceptance criteria
for primary components. ASCE 41 §3.4.3.2 allows primary component demands to be within the
acceptance criteria for secondary components for the NSP if degradation effects are explicitly modeled—a
change introduced in FEMA 356. This also includes NDP, although not explicitly stated. This allowance is
neglected in this study for the following reasons:

e Bypassing nonlinear acceptance criteria set for primary components suggests that acceptance
criteria for primary components for linear and nonlinear assessment procedures are not calibrated.
In this study, acceptance criteria for primary components are maintained for all assessment methods
to provide a uniform comparison basis.
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e There is no technical justification provided in ASCE 41 as to why comprehensive component
models for primary components, which are required to stabilize the structure after a large
earthquake, will allow them to deform to the extent given for a secondary component and maintain
the structural integrity of the system. Analytically speaking, it is debatable if collapse prevention
can be reliably achieved if a concentrated few SFRS components are deformed past the deformation
associated with their peak strength and lose a considerable amount of strength and stiffness.
Available literature has indicated the difficulty in solution convergence in analysis when
component response is following a negative stiffness branch. Still, some liberties are provided,
debatably, for existing buildings, but transferring this allowance to new buildings is also of
debatable validity. Engineering judgment must be applied. Broadly speaking, the function that
separating existing buildings and new buildings into bins plays in developing a resilient community
must be clarified.

o Reliability issues arise when adopting secondary acceptance criteria for primary components. For
example, the acceptance criterion of an RBS beam-to-column connection taken as a secondary
component for the Life Safety SPL is beyond the peak deformation (“a” in Figure 3-2). In ASCE
41, primary acceptance criteria for the Collapse Prevention SPL generally matches the deformation
associated with the peak strength of a component.

e There is little empirical evidence supporting the acceptance criteria for secondary steel components
permitted in ASCE 41 §3.4.3.2, other than for beam-to-column connections studied in the SAC
project (see FEMA 350 series (FEMA 2000a through 2000d)). Experimental tests are rarely
continued to achieve the peak deformations and the associated reserve strength of a component or
subassembly after the required loading protocol is complete.

As a side note, ASCE 41-13 has removed all acceptance criteria for primary components for nonlinear
assessment. Future research should be conducted to evaluate the systems by measuring demands against
acceptance criteria for secondary components—which can be done by inspection with the analysis results
presented in this study.

3.1.4.2.1 Calculating Component Assessment Results

Component forces and deformations obtained by the NSP or NDP are referred to as design actions, Qv (e.g.,
plastic rotation in a plastic hinge). Component design actions are computed as the action in the member or
connection at the target displacement for the NSP and as the maximum value for a given earthquake for the
NDP. Subsequently, a statistical average is computed from the maximum values from the suite of ground
motions. In specific cases, the maximum value must be coupled with other actions in the component at the
instant of computation of the maximum response.

Component design actions classified as deformation-controlled, Qup, are computed by
Op=0,£0, (ASCE41§3.43.2.1) (3-8)
Component design actions classified as force-controlled, Qur, are computed by

O =00, (ASCE 41 §3.4.3.2.3) (3-9)

where Qg is the action due to gravity loads (or associated deformation) and Qf is the action due to
earthquake effects (or associated deformations). Superposition of forces or deformations is not applicable
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in a nonlinear analysis; thus, gravity loads are directly applied in the analysis. The above equations are
numerical interpretations of ASCE 41 §3.4.3.2. They are used in this study to maintain computational
consistency over the various types of assessment procedures.

ASCE 41 §3.4.3.2 requires that deformation-controlled and force-controlled actions in primary and
secondary components satisfy:

Deformation-controlled:  kQ.. 2 Q,, (ASCE 41 §3.4.2.2.1) (3-10)

Force-controlled:  kQ, 20, (ASCE 41 §3.4.2.2.2) (3-11)

where Qcr is the expected strength or deformation demand of a component, Q¢ is the lower-bound strength
of a component, and x is the knowledge factor (taken as unity in this study). ASCE 41 Chapter 5 does not
explicitly provide a relationship between Qck (or Ocr) and O, on the force-deformation curve.

The results of the nonlinear assessment procedures are presented in this report as a normalized demand
capacity ratio, DCRy, where the plastic or total deformation demands are normalized with respect to the
plastic or total acceptance criteria, modified by x if required. The acceptance criteria verification then
becomes a unity check similar to that done in modern component design standards (e.g., AISC 360). As
such, a DCRy value greater than unity indicates that the component does not satisfy the performance criteria
for a given SPL. This approach is a consistent way to present results over the various types of assessment
procedures used in this study.

Deformation-controlled:

. . +0, .
TO tal plastic elastic
DCR, =L _ k(8 +6,0+6,.1c) (3-12)
V= =
| Plastic —2lstic
KHMC
Force-controlled:  DCR =& 313
N (3-13)
KQCL

where Gagic 1S the plastic deformation of a component, G.iaic 1s the elastic deformation of a component, 6,
is the yield deformation of a component, ). is the post-yield elastic deformation of a component, and 6, 4c
is the acceptance criteria of a component based on plastic deformation.
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3.2 Moment Frame

Seismic performance assessment of steel moment frames is performed in accordance with ASCE 41 §5.4.
The moment frames in the archetype buildings are designed with fully restrained (FR) moment connections
as identified in AISC 360 §B3.6b and as an SMF as identified in ASCE 7 §12.2 (item C.1 in Table 12.2-1)
and AISC 341 §E3. This designation aligns with that prescribed in ASCE 41 §5.4.2, Fully Restrained
Moment Frames. The FR beam-to-column moment connection used in each SMF is an RBS as identified
in AISC 358 Table 2.1 and ASCE 41 Table 5-4.

3.2.1 Assessment Methodology

There are three primary characteristics of each component (i.e., member, connection, etc.) forming the
structural model for each assessment method:

1. Stiffness, ASCE 41 §5.4.2.2

2. Strength, ASCE 41 §5.4.2.3

3. Acceptance Criteria, ASCE 41 §5.4.2.4, and whether or not the component action is force-
controlled or deformation-controlled.

Each component characteristic is discussed in the appropriate linear and nonlinear assessment discussion.
The following component design actions are assessed in this study:

Beam-to-column connection flexural force or deformation (RBS)

Panel zone shear force or deformation

Beam and column flexural force or deformation at potential plastic hinge zones (section strength)'”’
Column axial-moment interaction strength (member strength)

Beam and connection flexure and shear strength (e.g., moment at face of column)

3.2.1.1 Linear Procedures

This section discusses the three primary component characteristics listed in Section 3.2.1 and computation
of the demand in the component for the linear assessment procedures.

Stiffness

The stiffnesses of all members and connections for linear assessment follow ASCE 41 §5.4.2.2.1. Panel
zones at the beam-to-column joints are explicitly modeled; ETABS uses the scissor model—see User
Manual. Explicit joint and connection modeling is not required because the beam-to-column connections
are classified as FR. However, the stiffness of the frame beams must be modified to account for the reduced
beam sections within the beam-to-column connections (see Chapter 2).

17 Beam hinges within the RBS are included in assessment of FR connection (controlling mechanism).
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Strength

The strength of all members and connections for linear assessment follow ASCE 41 §5.4.2.3.2.

The expected flexural strength of a member, Qce = Mce (= Oy), is computed as M, from AISC 360 Chapter
F'® with ¢ = 1.0 and F,. in lieu of F,. For ASTM A992 steel, F,. = 1.1xF, (see ASCE 41 Table 5-3), which
corresponds to R,F, in AISC 341. Composite action with the concrete slab is generally neglected in
computing M, for frame beams. In so doing, it is assumed that the plastic moment strength is achievable
via adequate lateral bracing, thus M, = M,,. If the flexural strength is less than M,, then the available ductility
of the member is significantly reduced because of member or cross-section instability (which also affects
the acceptance criteria). ASCE 41 enforces section compactness requirements through the acceptance
criteria—discussed subsequently.

The lower-bound flexural strength of a member, QOc; = Mc;, is computed as M, from AISC 360 Chapter F'®
with ¢ = 1.0 and F).5 in lieu of F).. For ASTM A992 steel, Fy;z = 1.0xF), (see ASCE 41 Table 5-2).

Although not explicitly identified in ASCE 41 §5.4.2.3.2, the expected shear strength of a member, QOcr =
Ve (= Oy), is identical to that computed as ¥V, from AISC 360, Chapter G with ¢, = 1.0 and F). in lieu of
F,. Web slenderness, 4 / ¢, is critical in developing a fully yielded cross-section. As such, there are cases

when
A8 s |Eh 680 o | E (3-14)
N T

and the web is still capable of achieving full yield strength in shear. However, if the web slenderness
approaches the upper limit (taken as the ‘compact’ limit in AISC 360 Table B4.1) then the beam may have
difficulty achieving its plastic moment strength, M,. There is no lower-bound shear strength, V¢, in ASCE
41 or shear-moment interaction.

The lower-bound compression strength of a member, Q¢ = Pcy, is computed as P, from AISC 360 Chapter
E" with ¢. = 1.0 and F).3 in lieu of F,. For ASTM A992 steel, Fy.z = 1.0xF, (see ASCE 41 Table 5-2).

Though identified in ASCE 41 §5.4.2.3.2-2, no explicit guidance is provided for computing the expected
flexural strength, Mcg, of a compression member if the axial load demand, P, exceeds 10 percent of the
axial strength. This guidance would be useful for computing the flexural DCR at a given location, such as
at the column base where a plastic hinge is anticipated. The term axial strength of a compression member
is also not well defined (i.e., is it Py. or Pc.?). Similarly, P is not defined except in an unrelated provision
for the NSP. ASCE 41 §5.4.2.2.2 states that P for a linear analysis is Pyr. The flexural strength will also
depend on the selected P-M interaction curve, which will use Mcg (or Mcr) at P = 0 as the anchor point.
Further, there is little need to have triggering language based on 10 percent axial load ratio because it
delineates no physical phenomenon and does not influence computing the yield chord rotation, &,. In fact

18 ASCE 41 inadvertently states AISC 341.
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this trigger, it adds complexity, which will be discussed subsequently in the Acceptance Criteria section.
ASCE 41 does not delineate between orthogonal buckling axes and non-flexural buckling limit states (e.g.,
torsional, local buckling) for its interaction verification. This can significantly affect the assessment of
beam-column members where a high in-plane moment is associated with a buckling limit state other than
in-plane flexural buckling. Beam-columns can be further penalized in linear assessment methods where Pyr
is highly affected by selecting a value for J.

The expected tension strength of a member, Qce = Tcr (= 0O), is computed as A.xFy., where A, is the cross-
sectional area of the member. ASCE 41 does not provide other tensile strengths, potentially brittle, similar
to AISC 360 Chapter D, e.g. net section fracture.

The expected shear strength of a panel zone, Oce = Ver (= O)), is computed as 0.55 Fy.xdyxt,. (ASCE 41
Equation 5-5'). This strength equates to 0.92x¥, from AISC 360 Chapter J10.6 with ¢, = 1.0 and F,. in
lieu of F,. ASCE 41 does not provide additional panel zone strength to account for column flange bending.

ASCE 41 does not provide explicit guidance on computing the expected strength, Ocg, of a FR beam-to[]
column connection. The RBS beam-to-column connections were designed in accordance with AISC 358.

As such, the controlling mechanism is the moment at the center of the RBS. It is assumed that the acceptance

criteria for FR beam-to-column connections (m-factor) translated from results from the SAC project are

applicable at the face of the column—see below. Therefore, the moment at the face of the column is used

as the demand, Qup, and the expected flexural strength of the connection, Oce = Mck, is computed as M, at

the center of the RBS and projected to the face of the column (this value will always be less than using M,

taken at the column face). Alternatively, the demand and acceptance criteria could be adjusted to the hinge

location (controlling mechanism) and the connection at the face of the column evaluated as force-controlled,

see ASCE 41 §5.4.2.4.2-4. ASCE 41 should clarify the intent of ASCE 41 Eq. 5-14 and express that is the

lower-bound strength of the connection evaluated at the column face compared to the expected strength of
the connection at the hinge location projected to the column face. As noted, AISC 358 design provisions

for an RBS connection satisfies this criteria. Because the plastic hinge is confined within the RBS and forms

away from the face of the column, the flexural demand at the center of the RBS should also be used to

check the plastic hinge as a “beam” hinge.

Acceptance Criteria

The acceptance criteria of members and connections for linear assessment follow ASCE 41 §5.4.2.4.2.
Flexure in Beams and Beam-to-Column Connections

The acceptance criteria for flexural action at expected locations of plastic hinging in beams (members with
axial load ratio less than or equal to 10 percent) are provided in ASCE 41 Table 5-5 and are dependent on
web and flange slenderness. The range of flange limits match AISC 341 limits for 4ighly and moderately
ductile unstiffened compression elements. The range of web limits match AISC 341 limits for Ahighly and

19 The reason the shear yield stress for a column web (assuming it can be designated as a beam) being defined as 0.6xFy. is not
clear, but if the same column web is a panel zone, the shear yield stress is 0.55%Fje.
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moderately ductile stiffened compression elements taking at P = 0. The flange and web slenderness limits
for moderately ductile sections are taken as a ‘compact’ compression element in AISC 360 (i.e., 4,). The
lower-bound web slenderness limit is taken as that capable of full section yielding in shear. These web
slenderness limits were introduced in FEMA 356 whereas flange limits were introduced in FEMA 273 and
subsequently modified in FEMA 356 (upper-bound limit was changed from a pure axial compression limit
to a compression from flexure limit).

In cases where the expected flexural strength of an unbraced segment is governed by instability (e.g., lateral-
torsional buckling (LTB)) rather than full section yielding, the m-factors in ASCE 41 Table 5-5 shall be
reduced accordingly. Again, ASCE 41 inadvertently references AISC 341 for these calculations as well as
using the notation, M,, which is no longer used in AISC 360.

The acceptance criteria for beam-to-column connections (flexural hinge is located within the connection)
are taken from Fully Restrained Moment Connections in ASCE 41 Table 5-5 and are dependent on
connection detailing, panel zone strength in a balanced yield condition, and member and cross-section
slenderness (see ASCE 41 §5.4.2.4.2, 4.1 to 4.4). It is assumed that the acceptance criteria for FR beam-to[’
column connections (m-factor) translated from results from the SAC project are applicable at the face of
the column—see §3.2.1.2. Furthermore, the m-factors for “beams” are not applicable for flexural plastic
hinges within the region”® demarcating the beam-to-column connection when connection components
prevent the unobstructed spread of plasticity. However, because the plastic hinge is forced to develop in a
prescribed location away from the column face, thus allowing essentially unobstructed spread of plasticity
within the RBS zone, m-factors for a “beam” should also be used to check the performance of the hinge
itself. Unless evaluating at the 10 performance level, the m-factor for the beam-to-column connection will
control over the m-factor for flexure in the RBS—see Table 3-10.

Table 3-10. Basic Acceptance Criteria for a W24x84

RBS Beam-to-Column

SPL . Beam
Connection
CP 6.2-0.032d=5.4 8
LS 4.9-0.025d=4.3 6
10 3.5-0.016d =3.1 2

Flexure in Columns and Columns-to-Base Connections

The acceptance criteria for flexural action at expected locations of plastic hinging in columns (members
with axial load ratio greater than 10 percent) are provided in ASCE 41 Table 5-5 and are dependent on the
axial load ratio, Pyr/ Pcz, and web and flange slenderness. As discussed above, ASCE 41 does not delineate
between orthogonal buckling axes and non-flexural buckling limit states (e.g., torsional, local buckling) for
computing Pcz. Consequently, this can significantly affect the assessment of beam-column members where
a high in-plane moment is associated with a buckling limit state other than in-plane flexural buckling. If the
axial load ratio is greater than 0.5, then flexural action is considered force-controlled and the flexural
demand and strength are taken as Myr and Mc;, respectively. Otherwise, the m-factor is adjusted for P-M

20 This region is also used in AISC 341 to define the protected zone.
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interaction as shown in Figure 3-4 and the flexural demand and strength are taken as Myp and Mcg,
respectively.

1.0 T’ﬂ
0.9
i 0.1<tr 202
08 CL
0 P Min oy
’ 2PCL meL'Ex
- I)UF
p.. 06 02<-£<05
ZUrF cL
PCL 05 7 P{/F_'_S( MUDx jglo
> [)CL 9 n1xMCEx
04 P,
0.5<- (n_=1.0)
03 7 o
B + My, <1.0
_ <l
0.2 F, CLx
0.1 7
00~
=7 PCL = Pn,Alsc (¢=1.0)
with F/ = Fy "
—@— Immediate Occupancy
Notes: _ —@— Life Safety
1. Knowledge Factor, , taken as unity. . ' . @— Coll apse Prevent ion
2. m factors shown are not reduced to reflect compactness requirements or inelastic LTB.

3. Beam-Column with PUF /P o< 0.1 can be treated as a beam.

Figure 3-4. P-M Interaction on Section m-factor (in-plane) and Member Instability (Primary Component)

The flange slenderness limits for columns are the same as those for beams and are independent of axial
load. The lower-bound web slenderness range is essentially®' 75 percent of the slenderness limits in AISC
341-02 (AISC 2002)—taken from FEMA (2000c)—at distinct axial force ratios (0.2 and 0.5). These ratios
are at the upper range of axial force ratios in ASCE 41, albeit Pyr/ Py. and Pyr/ Pcr, represent two physically
different phenomena in regards to plate buckling. The upper-bound web slenderness range is essentially the
slenderness limits in AISC 341-02 at distinct axial force ratios (0.1 and 0.2). These ratios are at the lower
range of axial force ratio in ASCE 41. Using fixed axial limits on slenderness can lead to excessive
conservatisms because of step function triggers, as illustrated in Figure 3-5 for the LS SPL—AISC 341 web
compactness limits for highly (HD) and moderately (MD) ductile compression elements are included for
comparison. The spherical icons shown in the figure represent the web slenderness ratios for all wide-flange
sections currently available. Essentially, 35 percent of these sections do not satisfy the lower-bound criteria

2 Work to develop FEMA 356 was conducted at the same time as the SAC project—see FEMA 350 series.
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in ASCE 41 whereas this value reduces to 12 percent when using the AISC 341 criteria for highly ductile
elements. Ultimately, the step functions created by both the axial load ratios and the section compactness
requirements result in a highly complex formulation that is difficult to implement, as illustrated in Figure
3-6 for the LS SPL (plastic rotation is shown in lieu of m-factor). ASCE 41 could be simplified by
combining the acceptance criteria for beams and columns into one set of criteria with no 10 percent axial
load ratio trigger.

. ,i Life Safety
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—— ASCE 41 Group B Compactness Limit
------ AISC 341-10 HD Compactness Limit

f‘IV
Bk

Wide-Flange Sections
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L] v L] v L] v 1
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Figure 3-5. Compactness Requirements as a Function of Axial Load Ratio, LS Acceptance Criteria

In addition to the effect of P-M interaction on the m-factors (which is a section strength issue) for checking
flexural actions in a column in accordance with ASCE 41 §3.4.2.2, member stability is also checked via
global interaction equations in accordance with ASCE 41 §5.4.2.4, as shown in Figure 3-4—see projection
of axial and moment ratios. The discontinuous curve is a result of variable P-M interaction equations, with
the discontinuity at Pyr/ Pcy = 0.5 being smallest when M, at Pyr = 0 equals M,, and gets larger as Muyp /
Muyr increases. Future efforts should simplify the ASCE 41 interaction curves for consistency and
applicability, including eliminating £} ;5 for a column that also uses Fe.

Axial compression action in a column is always force-controlled due to significant reduction in ductility
because of member and cross-sectional instability. Again, ASCE 41 is rather ambiguous when it comes to
steel columns. First, there is no guidance on computing M¢g for a column. Although ASCE 41 §5.4.2.4.20
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2 provides some information, it is not consistent with that required to define the expected flexural strength,
Mcg. Second, the m-factor is reduced for beams to account for LTB. Since this failure mode is also
applicable to columns, the m-factor should similarly be reduced. However, a column that fails in LTB
should be avoided, and m = 1 adopted since LTB is not a ductile phenomenon. Also, x is not in the
interaction equations similar to other verification procedures, and it is unclear if these equations have any
physical meaning because member stability and section yielding effects are combined. Moreover, these
equations can be conservative when weak-axis buckling is coupled with in-plane (strong-axis) bending.

hit

Width-to-Thickness Ratio,

Notes:
1. Knowledge Factor, x, taken as unity.
2. Beam-Column with P/ P, <0.1 can be treated as a beam.

Axial Load Ratio, P/P_ <" .

Primary Component

Life Safety

Plastic Rotation, 0p =qa 9y

—@— ASCE 41 Group A Compactness Limit
—@— ASCE 41 Group B Compactness Limit
—@— AISC 341-10 HD Compactness Limit
—@— AISC 341-10 MD Compactness Limit

Figure 3-6. Acceptance Criteria as a Function of Axial Load Ratio and Section Compactness, LS Acceptance Criteria

In terms of assessment, ASCE 41 does not explicitly address column hinges near the column-to-base
connections of a frame (similar to a beam-to-column connection). Columns are designed in accordance with
capacity design provisions in AISC 341. However, ASCE 41 does not similarly adopt a capacity design
approach for the assessment of MF columns.

Shear in Panel Zones



The acceptance criteria for shear action in panel zones are provided in ASCE 41 Table 5-5. The acceptance
criteria are not a function of the axial force demand in the panel zone.

Demand

The flexural demand, Myp, for the FR beam-to-column connections is taken as the moment at the face of
the column. The flexural demand, Myp, for the RBS (beam) is taken as the moment at the center of the
RBS. The flexural demand, Myp or Myr, and axial force, Pyr, for the column are taken as the moment and
axial force at the face of the each beam (top and bottom).

Table 3-11 summarizes the basic m-factors for the components of the SMF for the linear procedures. Figure
3-7 through Figure 3-12 provide the load-independent m-factors—taking in to account force-controlled and
deformation-controlled classifications (force-controlled component actions are assigned an m-factor of
unity, see §3.1.4.1). These figures are referred to herein as “Frame Capacity Schematics.” The two values
given for a column represent the cases when Pyr / Pc; = 0.2 and 0.5, adjusted for section compactness
requirements. At Pyr/ Pcr = 0.2 the interaction equation provides the same value when Pyr/ Pcr <0.2.

Table 3-11. Basic m-factors for Linear Procedures, SMF

. Performance Level
Component - Action

LS Ccp
Beam - Flexure
b, 52 h _ 418
/
a) 5 S7— and —<—— 6 8
2, F, L, F,.
b 65 h _ 640
.
b) 5 27— or [ T 2 3
RN RN
c) other linear interpolation
Column - Flexure
fOrPUF /PCL <02
b, 52 h _ 300
/
a) 5% and TS 6 8
2t f Fjve t“" E"e
b, .65 h 460
b) 27— or = 1.25 2
2%, [F, Ly JF.
c) other linear interpolation
f()rO.ZSPUF /PCL 505
b 52 h 260 5P 5P
f — <
a) 7-<—— and =TTe 9[1—] 12[1—}
2t/’ \)Fw’ Ly Fye 3 17 3F cL
b by 6 B 400 ) |
) 2, JF. or 2R 1.25 5
c) other linear interpolation
Column Panel Zone - Shear 8 11
RBS - Flexure' 49-0.025d 6.2-0.032d

! m -factors shall be modified as indicated in ASCE 41 §5.4.2.2.2, item 4.

3-26



5.73,1.49

5.73,1.49

5.63,1.48

5.63,1.48

5.63,1.48

5.63,1.48

2.81 2.81 2.82
8.00 8.00 |
6,15 |
2.83 2.83 | 2.84 |
8.00 8.00
6,15 |
2.85 3.56 357 |
8.00 8.00 |
6,15 !
2.85 285 | 285
8.00 8.00 |
6,15 |

6\6

Sym.

(a) Life Safety
Figure 3-7.

7.64,1.97

7.64,1.97

(b) Collapse Prevention

Conn.  Conn.

P.Z.
Col.

3.55 3.55  3.56
11.00 11.00 !
8,2 |
3.58 3.58 | 3.58 | Conn.
11.00 11.00 PZ.
8,2 | Col.
3.60 450 | 450 !
11.00 11.00 i
8,2 |
3.60 360 | 360
11.00 11.00 |
82 |
0
Sym.

\l\

P.Z = Panel Zone
Conn. = Connection
Col. = Column

(¢) Key

Frame Capacity Schematic (m-factor), LS and CP, 4-Story SMF ELF

2.81 3.51 3.52
8.00 8.00 |
6,1.5 :

2.81 3.51 352
8.00 800 |
6,15 |

2.81 3.51 352 |
8.00 800
6,1.5 |

2.81 3.51 352 |
8.00 S00
6,15 !

|

(a) Life Safety

Sym.

7.49,1.96

7.49,1.96

7.49,1.96

7.49,1.96

(b) Collapse Prevention

Conn.  Conn.

P.Z.
Col.

3.55 444 444
11.00 11.00
8,2 |
3.55 444 | 444 Comn.
11.00 oo | v
8,2 | Col.
3.55 444 | 444
11.00 100
8,2
3.55 444 | 444
11.00 100
82 |
2

Sym.

(c) Key

Figure 3-8. Frame Capacity Schematic (m-factor), LS and CP, 4-Story SMF RSA

3-27



4.48,1.42

4.48,1.42

2.27 354 3.55
8.00 8.00 |
6,1.5 :

2.83 354 | 3.55 |
8.00 8.00 :
6,1.5 |

3.03 378 | 3.79 !
8.00 8.00 |
6,1.5 |

3.03 378 | 3.79 !
3.00 8.00 \
6,1.5 :

3.05 381 | 3.81 |
8.00 8.00 ‘
6,1.5 !

3.05 3.81 3.81 !
8.00 8.00 |
6,1.5 |

3.81 3.81 3.81 ]
8.00 8.00 |
6,1.5 :

3.81 3.81 3.81 |
8.00 8.00 ‘
6,15 |

|

(a) Life Safety

8,2

8,2

8,2

8,2

Conn.

Conn.  Conn.

P.Z.

P.Z.
Col.

2.86 4.48 4.48
11.00 11.00 i
8,2 !
3.58 4.48 4.48 |
11.00 11.00 [
8,2 1
3.82 4.78 4.78 [
11.00 11.00 ;
8,2 |
3.82 478 | 478 }
11.00 11.00 |
8,2 ! Col.
3.85 4.81 4.81 1
11.00 11.00 [
8,2 :
3.85 4.81 4.82 [
11.00 11.00 ;
8,2 |
4.81 4.81 4.82 }
11.00 11.00 ‘
8,2 !
4.81 4.81 4.82 |
11.00 11.00 [
8,2 }
a0
Sym.

(b) Collapse Prevention

\l\

P.Z = Panel Zone
Conn. = Connection
Col. = Column

(c) Key

Figure 3-9. Frame Capacity Schematic (m-factor), LS and CP, 8-Story SMF ELF
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Figure 3-11. Frame Capacity Schematic (m-factor), LS and CP, 16-Story SMF ELF
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Figure 3-12. Frame Capacity Schematic (m-factor), LS and CP, 16-Story SMF RSA
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3.2.1.2 Nonlinear Procedures

This section discusses the three primary component characteristics listed in Section 3.2.1 and computation
of the demand in the component for the nonlinear assessment procedures.

Stiffness, Strength, Acceptance Criteria, and Demand

Component characteristics follow that outlined previously for the linear procedures. Although component
stiffness is the primary characteristic in linear procedures, component strength is of equal importance in
nonlinear procedures.

The stiffnesses of all members and connections for nonlinear assessment follow ASCE 41 §5.4.2.2.2 for
the NSP and §5.4.2.2.3 for the NDP. The strength of all members and connections for nonlinear assessment
follow ASCE 41 §5.4.2.3.3 for the NSP and §5.4.2.3.4 for the NDP. The same analytical model is used for
both the NSP and NDP—see §3.1.3.2.

Compound elements with elastic and inelastic components are used for constructing all members in
PERFORM-3D. Elastic stiffness and strength characteristics for each component follow that outlined for
the linear procedures. Nonlinear components include the RBS beam-to-column connection modeled as a
beam flexural hinge, the column flexural hinge modeled with axial-moment (P-M) interaction, and the panel
zone modeled using the Krawinkler model (Krawinkler 1978). Figure 3-13 illustrates the analytical model
of a beam-to-column subassembly for nonlinear assessment procedures. In the figure, Default End Zones
are modeled with a flexural rigidity factor of two; a higher value is potentially too rigid to capture flexural
deformations within the joint region. Detailed information concerning all aspects of the analytical model
for nonlinear analysis can be found in PERFORM-3D Components and Elements (CSI 2011c).

The acceptance criteria in ASCE 41 for FR beam-to-column connections are derived from the results of the
SAC project (see FEMA 351 (FEMA 2000b) and FEMA 355D (FEMA 2000c)). Therefore, plastic rotation
is measured at the column face and the acceptance criteria include all effects inherent in the tested
assemblies (e.g., panel zone and column yielding). This can be problematic when distinguishing between
panel zone, beam, and column yielding effects. As the plastic rotation limits specified in ASCE 41 are
average values for the tested assembly classes, it seems appropriate to separate yielding effects in a
structural model. Therefore, beam and column hinge components and panel zone yielding components are
individually modeled for nonlinear analysis in this study. Further, acceptance criteria for RBS beam-to[
column connections do not address composite action with the floor slab, thus beam properties used in the
nonlinear analysis model do not include this effect.

Flexural plasticity in beams and beam-columns is represented by nonlinear moment-curvature (MC)
relationships which in turn are based on moment-chord rotation (MR) relationships provided by ASCE 41
Table 5-6. This shift in basis highlights a discrepancy between ASCE 41 §5.4.2.2.2-2 and the prescribed
acceptance criteria. Conversion between plastic rotation and plastic curvature is done using a defined plastic
hinge length, /,. An MC hinge is preferred in lieu of an MR hinge, as yield rotation, 8, specified in ASCE
41 can lead to inconsistencies when beam models include rigid end offsets and when hinges are modeled
away from the column faces. Further, ASCE 41 does not provide guidance on an appropriate beam length,
I» (ASCE 41 Equation 5-1). Theoretically, there is no difference between an MC hinge and an MR hinge
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model as long as the conversion procedure for all nonlinear model parameters between the two is
maintained. P-M interaction effects on a moment-curvature hinge are included in the analytical model
(discussed subsequently).
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Figure 3-13. SMF Beam-to-Column Subassembly Analytical Schematic

Reduced beam sections are modeled within the beam member as elastic prismatic beam elements using the
geometric cross-section properties at the outer two-thirds of the RBS. An MC hinge is placed at the center
of the RBS with a plastic hinge length equal to the length of the RBS, b. Plastic rotation parameters
modeling the backbone curve of the FR beam-to-column connection are taken from ASCE 41 Table 5-6.
These values are converted to plastic curvature and subsequently adjusted from application at the column
face to the center of the RBS and other FR connection adjustments discussed next. Stiffness and strength
degradation are modeled based on calibrating the PERFORM-3D MODEL with experimental test data (see
Figure 3-14—PERFORM-3D response is presented as “Analysis”). Intermediate anchor points defining the
full backbone curve are determined from calibration with experimental test data (see Figure 3-14 and Figure
3-2). The ultimate flexural strength of the MC hinge is taken as C,-xMck in accordance with AISC 358—
C,, is defined in AISC 358. The residual strength ratio (c in ASCE 41 Table 5-6) is normalized to the yield
strength, Mcg, not the ultimate strength as required in PERFORM-3D.,

The acceptance criteria for beam-to-column connections (flexural hinge is located within the connection)
are taken from Fully Restrained Moment Connections in ASCE 41 Table 5-6 and are dependent on
connection detailing, panel zone strength in a balanced yield condition, and member and cross-section
slenderness (see ASCE 41 §5.4.2.4.3, 4.1 to 4.4). These reduction factors are also applied to the plastic
rotation values defining the backbone curve. This is done because the CP acceptance criteria for a primary
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FR connection was taken to match a—see Figure 3-2, and therefore any connection configuration that
affects the value for a also affects the acceptance criteria. Similarly, the acceptance criteria are converted
to plastic curvature and the application point is adjusted to the center of the RBS. Acceptance criteria for a
beam hinge should also be used to verify the performance of the plastic hinge in the RBS; however, as
discussed previously, it will not control unless evaluating the IO SPL. Therefore, this secondary check is
not performed in this study. Expanded commentary on beam-to-column connection versus beam hinge
acceptance criteria is needed in ASCE 41, as well as a discussion clarifying the reductions to the plastic
rotation values defining the backbone curve and acceptance criteria.

Specimen DB4 (Engelhardt et al. 1998)
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Figure 3-14. PERFORM-3D RBS Calibration

PERFORM-3D flexural section strength flags (used to verify a design strength at a given location) are
placed at the column faces and at midspan of the beam to verify acceptable design of the beams and beam[’]
to-column connections. Similarly, shear section strength flags are placed at the column faces and at the
center of the RBS to verify acceptable design of the beam-to-column connections. These section strength
flags are modified as needed for cross-section geometry, member strengths (does not typically control
beams), and design-assessment criteria prescribed in ASCE 41.

Panel zones are explicitly modeled at all beam-to-column joints using the Krawinkler model. This model
uses the force-deformation relationship intrinsic in the design equations prescribed in AISC 360 (see Figure
3-15—PERFORM-3D response is presented as “Analysis”). However, the yield stress in the panel zone
model is taken as 0.55%F}. in ASCE 41 in lieu of 0.6xF), as used in design. Figure 3-15 shows the range of
the expected demands on the panel zones (anchored to a shear strain ductility, 7/ %, of 4). This range is
small because the probable flexural strength of the connection is used to check the panel zone strength in
design, and this connection strength is associated with Collapse Prevention (CP) of the beam-to-column
connection in ASCE 41. Only when an FR connection is strained past the CP level will the panel zone
deform outside this range; nevertheless, the CP acceptance criteria for a panel zone in ASCE 41 is three
times a shear strain ductility of 4.
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Specimen A-2 (Krawinkler 1971)
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Figure 3-15. PERFORM-3D Panel Zone Calibration

Frame columns (i.e., beam-columns) are modeled similar to beams discussed previously, except that
flexural PMM MC hinges that capture the combined effects of axial force and biaxial moments are placed
near the joint region boundaries (see Figure 3-13). The plastic hinge length is assumed to be equal to the
depth of the column, d.. Out-of-plane moments are small relative to the in-plane moments in the SFRS
members because each SFRS is an isolated planar frame in the direction of loading. Plastic rotation
parameters of the flexural PMM hinges are taken from “columns” in ASCE 41 Table 5-6 and converted to
plastic curvature (no adjustment for hinge location is needed). Criteria for flexural hinges based on member
buckling strengths can be complex and problematic in capturing the in-plane nonlinear flexure behavior.
For example, yield rotation, &, for a column is based on section strength, P,., while modeling parameters
and acceptance criteria (function of &) are based on member strength, Pc;, without regard to the plane of
buckling. ASCE 41-13 took the first step in resolving some issues concerning steel columns by permitting
the modeling parameters to be determined using P / P¢;. in the plane of buckling. Still, P-M interaction
curves still require some clarification and guidance. In terms of assessment, ASCE 41 does not explicitly
address column hinges near the column-to-base connections of a frame (similar to a beam-to-column
connection).

In this study, modeling and acceptance criteria for the beam-column flexural hinges are taken as those
provided for columns in ASCE 41 Table 5-6. The P-M interaction effect on the in-plane flexural strength
of a column hinge, Mck., where x denotes the in-plane bending axis, is modeled by the section strength of
the member (i.e., yield surface) using P/ Py, in ASCE 41 Equation 5-4 (repeated below as Equation (3-15);
see Figure 3-16, Figure 3-18, and Figure 3-19). P-M interaction relationships provided in PERFORM-3D
for the yield surfaces of MC hinges in beam-columns are calibrated to approximate this curve as illustrated
in Figure 3-19.
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p
My, =1.18M , (1 ——J <M, . (ASCE 4l Equation 5-4) (3-15)

ye

ASCE 41 Equation 5-4 is based on plastic design theory and applicable for the in-plane section strength
(strong-axis bending) of a wide flange section. AISC 360 Equation H1-1 can also be applied for computing
the in-plane section strength by using P/ P,. in lieu of P,/ P. as defined in AISC 360. Plastic design theory
also gives the out-of-plane section strength (weak-axis bending, with y denoting the out-of-plane bending
axis) of a wide flange section as Equation (3-16).

2
M., =119M | 1—[—] <M, (3-16)

P-M interaction effect on the plastic rotation parameters and acceptance criteria of a column hinge is
modeled by member strength using Pc;, computed for buckling about any axis or failure mode independent
of the effect it may have on the in-plane flexure response of the column hinge (see Figure 3-16).

First, ASCE 41 requires a column (i.e., flexural hinge in the column) to be force-controlled for flexure when
P/ Pcr > 0.5 for the nonlinear procedures and references the same equation used for linear assessment. This
can be extremely problematic as separate strengths and interaction equations create discontinuities that
cannot be effectively addressed in analysis software (see Figure 3-16). This elastic interaction equation is
neglected in this study for nonlinear assessment and the hinge model obeys ASCE 41 Equation 5-4
independent of Pcr. ASCE 41 Equation 5-12 is more applicable for checking member stability than defining
the section yield surface; Equation (3-17) rearranges ASCE 41 Equation 5-12 in terms of the moment
strength.

P
M., =M, [1—P—j (from ASCE 41 Equation 5-12) (3-17)

CL

Second, flexural hinge model parameters and associated acceptance criteria are a function of the axial load
ratio P / P¢r. Provisions for this interaction in ASCE 41, however, create a discontinuity in the curve, as
shown in Figure 3-17, which cannot be effectively addressed in analysis software. PERFORM-3D provides
a simplified curve to model the variation in acceptance criteria with axial force, also shown in Figure 3-17.
The adopted curves in this study are conservative for P/ Pc; < 0.2. Further, because of constraints on P-M
hinge models in PERFORM-3D, the model parameters (a in ASCE 41 Table 5-6 plus the elastic component
as shown in Figure 3-17, a plus elastic = DL in PERFORM-3D—see Figure 3-2 for @ and DL) do not
coincide for P/ Pc; > 0.2. A column hinge with high axial load can reach its peak strength (a plus elastic =
CP in this case) in regards to the provisions of ASCE 41 yet still be able to maintain its flexural strength.
In general, column hinges are not expected to be significantly strained; however, demands may affect the
performance of base hinges, which can have detrimental effects on the system upon loss of strength. More
detailed information can be found in the PERFORM-3D User Guide (CSI 2011d) and PERFORM-3D
Components and Elements (CSI 2011c¢). Lastly, it is of questionable validity to allow a primary column
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component in a SFRS to have acceptance criteria based on a secondary component when based on a function
of P/ Pcy, as was mentioned earlier

1.0 ..
""" ASCE 41 Eq. 54
1 ] ASCE 41 Eq. 5-12
0.8 Single Curve Hinge Model
_ P, =P =06P,
o e My =LY M,
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Figure 3-16. In-plane Flexural Hinge Yield Surface Model (Including Force-Controlled Response)
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Figure 3-17. Variation in Acceptance Criteria and Hinge Model for Axial Force
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Figure 3-18. P-M Interaction on Plastic Rotation, LS Acceptance Criteria (Primary Component)

The ultimate flexural strength of the MC hinge is taken as 1.1 times Mcg at P = 0. This flexural strength
increase is held constant for all values of axial force in PERFORM-3D. The residual strength ratio (¢ in
ASCE 41 Table 5-6) is normalized to the yield strength, Mcg, at distinct P / Pc;, values (not P / Py, which
is used to compute Mcr) and not the ultimate strength as required in PERFORM-3D.

The column-to-base connection is modeled using an FR beam-to-column connection model in PERFORMI[]
3D. It is reasonable to adopt an FR connection model (such as an improved welded WUF connection) to

represent the base connection because doing so will provide a lower-bound estimate of the plastic rotations

angle compared to that given explicitly for a column hinge, as shown in Table 3-12. Future research is

needed to develop acceptance criteria and modeling parameters for column-to-base connections, including

embedded connections.

Stability of a beam-column needs to be addressed in addition to capturing flexural plasticity. However,
ASCE 41 does not provide explicit provisions to check member stability when P / Pc; < 0.5 for nonlinear



procedures. When P/ Pcp > 0.5, ASCE 41 Equation 5-12 (primarily used for the linear procedures) can be
used, but is not recommended as discussed previously.

Table 3-12. Plastic Rotation Angles for Improved WUF and Column Hinge for a W18x175

P=0 P=0.1999%P¢; P=0.2%P¢ P=0.5%P¢
WUF AC 0.041 0.038 0.031 0.0056
Column AC 0.071 0.065 0.053 0.0097
Ratio 0.58 0.58 0.58 0.58

In this study, section strength flags are applied to the frame columns as an indicator of member instability.
For in-plane buckling and strong axis bending, a PM strength flag is placed at the ends of the column using
AISC 360 §H1.3(a) for the interaction curve using P, as P.. This approach closely aligns with ASCE 41
Equations 5-10, 5-11, and 5-12. The in-plane effective length of the column is taken as that computed for
design (i.e., adjusted K factor (see Chapter 2)). This is considered a conservative practice as the analysis
adjusts the stiffness matrix (only for material nonlinearity) at every time step and the leaning column effect
is explicitly included. However, geometric imperfections (system and member), residual stresses, and
epistemic uncertainties (i.e., ¢ factor) are not included in the mathematical model. Consequently, member
strengths based on the actual unbraced length (i.e., KL, = Ly) is of questionable validity, but so is using the
design value based on a vertical load-only load combination. Research is needed concerning in-plane
dynamic instability of inelastic members.
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Figure 3-19. P-M Interaction Curve (Section Yield Surface)

For out-of-plane buckling and strong axis bending, a PM strength flag is placed at the ends of the column
using AISC 360 §H1.3(b) for the interaction curve and the effective length is taken as the actual unbraced
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length (i.e., KL, = L,). Adopting ASCE 41 Equations 5-10, 5-11, and 5-12 as an indicator of weak-axis
instability coupled with in-plane bending can be highly conservative. PERFORM-3D uses a single
continuous interaction curve as shown in Figure 3-20 which illustrates several interactions curves together
with the approximations from PERFORM-3D. Similar to beams, section strengths are modified as needed
based on cross-section geometry, member strengths (commonly controls columns in compression), and

design-assessment criteria prescribed in ASCE 41.
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Figure 3-20. P-M Interaction Curve (Member Strength)

Figure 3-21 through Figure 3-26 provide the load-independent acceptance criteria—with consideration of
force-controlled and deformation-controlled classifications. These figures are referred to herein as “Frame
Capacity Schematics.” The two values given for a column represent the cases when Pyr/ Pcz = 0.2 and 0.5,
adjusted for section compactness requirements. At Pyr/ Pcr = 0.2, the interaction equation does not provide
the same value when Pyr/ Pcr < 0.2, as seen for the linear procedures.
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Figure 3-23. Frame Capacity Schematic (Inelastic), YD, LS, and CP, 8-Story SMF ELF
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All values are for Primary Components
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Figure 3-24. Frame Capacity Schematic (Inelastic), YD, LS, and CP, 8-Story SMF RSA
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Figure 3-25. Frame Capacity Schematic (Inelastic), YD, LS, and CP, 16-Story SMF ELF
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Figure 3-26. Frame Capacity Schematic (inelastic), YD, LS and CP, 16-Story SMF RSA
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3.2.2 Seismic Assessment Results

The results for the SMFs assessed using each of the four analysis procedures are presented in this section.
The following section highlights any failure to satisfy the acceptance criteria.

For the LSP and LDP, force-controlled column compression demands, Pyr, are computed by taking J in
ASCE 41 §3.4.2.1.2-2 as the minimum DCR—as defined in ASCE 41—of the component(s) (i.e., beam
hinges) delivering force to the member, but not less than 2.0. In this case, this method generally provides
the least conservative axial force demand estimates than that determined from a fully yielded capacity design
analysis per ASCE 41 §3.4.2.1.2-1. However, ASCE 41 does not provide explicit guidance on performing
this capacity design analysis?® for a moment frame, as is done for an eccentrically braced frame in ASCE
41 §5.5.3.4. The capacity design procedure used in this study models all beam hinges adjacent to columns
achieving M,,. Axial force demand estimates from the capacity design procedure prescribed in AISC 341
for moment frames, which uses the system overstrength factor, Q,, in ASCE 7 are included with those
determined from ASCE 41 in the respective analysis sections below. Force-controlled component actions
are assigned an m-factor of unity, see §3.1.4.1.

Analysis results (e.g., DCRy) for the NDP using the ground motion record set are statistically summarized
by the median, mean, 84™ percentile, and mean plus one standard deviation response for both the LS BPL
(given the BSE-1 EHL) and the CP BPL (given the BSE-2 EHL). Mean and median response are presented
because (1) ASCE 41 does not discuss how to process the results in the event of a structural collapse under
a given record in the set, (2) new provisions under investigation for inclusion in the 2015 NEHRP Provisions
are being debated as to how to process results from eleven records (an increase from seven in ASCE 7-10),
and (3) the difference is small for well-performing systems that remain stable for all motions in a set. It is
the goal here that showing the mean and median will assist in developing future code provisions.

For comparison purposes only, the DCRy values obtained from the LSP, LDP, and NSP are superimposed
on the figures showing the results obtained from the NDP. Results from the NSP and NDP can be directly
compared because the basis of measurement is identical. However, caution should be used when comparing
linear and nonlinear results by inspection because the nature of the analysis is fundamentally different;
presenting them together here is not intended to imply they are equivalent. Results from the two are not
always directly comparable as linear results would first need to be converted to total demand where
applicable, and in certain cases not based on an interaction equation. Results from the linear assessment
procedures are presented alongside results from the nonlinear assessment procedures primarily to highlight
the distribution of performance predictions between the analytical methods.

For comparison purposes only, the base shears computed using the LSP and LDP are provided in §3.2.3.1.4.

22 ASCE 41 §3.4.2.1.2-1 refers to this type of analysis as a “limit state” analysis.
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3.2.2.1 Four-Story Moment Frame

322.1.1 Linear Static Procedure

3.2.2.1.1.1 BSE-1 Earthquake Hazard Level (LS BPL)
In this section, the following apply:

e Figure 3-27 and Figure 3-28 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LSP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-29 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All component actions satisfy the LS BPL acceptance criteria except for the exterior beam-to-column
connections in the RSA-designed frame on the second and third floors. These connection failures are
primarily due to reduced m-factors as a result of the FR connection modifiers for panel zone strength and
clear span-to-depth limitations. Assessment results for the panel zones all remained small compared to
unity. This suggests that design rules and conventional practice (e.g., increase column sizes to offset the
use of doubler plates) can produce strong panel zones with regard to ASCE 41 criteria, which can adversely
affect the beam-to-column connection acceptance criteria. Current steel design practice, however, does not
enforce a balanced yield condition between a beam hinge and the adjacent panel zone. Moreover, it is not
logical that the FR connection reduction factors create a step function in performance. The 20 percent
reduction between the interior connections in the ELF-designed frame on the second and third floors in
Figure 3-27(b) is due to the change in the average story-height, 4, when computing the panel zone
demands—see ASCE 41 §5.4.2.4.2-4.2. Figure 3-27(b) and Figure 3-28(b) show that the frame columns
are deformation-controlled for flexure.
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Figure 3-27. LSP Assessment Results, 4-Story SMF ELF, BSE-1 LS
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Figure 3-29. LSP Assessment Results, Compression in Exterior Columns, 4-Story SMF, BSE-1
322112 BSE-2 Earthquake Hazard Level (CP BPL)

In this section, the following apply:

Figure 3-30 and Figure 3-31 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, at the LSP at the BSE-2 EHL. In these figures, DCRy values greater
than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can be

obtained by multiplying DCRy by m and x, see Eq. 3-6.

Figure 3-32 provides the maximum axial compression demands, Pyr, in the exterior column lines

for various analysis methods and the column capacity, Pc;.
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All component actions satisfy the CP BPL acceptance criteria except for a few beam-to-column connections
in the ELF- and RSA-designed frames on the second and third floors. As identified previously in
§3.2.2.1.1.1, these connection failures are primarily due to reduced m-factors as a result of the FR
connection modifiers for panel zone strength and clear span-to-depth limitations. Assessment results for the
panel zones all remained small compared to unity—see §3.2.2.1.1.1. Figure 3-30(b) and Figure 3-31(b)
show that the frame columns are deformation-controlled for flexure.
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Figure 3-30. LSP Assessment Results, 4-Story SMF ELF, BSE-2 CP
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Figure 3-31. LSP Assessment Results, 4-Story SMF RSA, BSE-2 CP
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Figure 3-32. LSP Assessment Results, Compression in Exterior Columns, 4-Story SMF, BSE-2

32.2.1.2 Linear Dynamic Procedure

322121 BSE-1 Earthquake Hazard Level (LS BPL)
In this section, the following apply:

e Figure 3-33 and Figure 3-34 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-35 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All component actions satisfy the LS BPL acceptance criteria. Assessment results for the panel zones all
remained small compared to unity—see §3.2.2.1.1.1. Figure 3-33(b) and Figure 3-34(b) show that the frame
columns are deformation-controlled for flexure.
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Figure 3-33. LDP Assessment Results, 4-Story SMF ELF, BSE-1 LS
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Figure 3-34. LDP Assessment Results, 4-Story SMF RSA, BSE-1 LS
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Figure 3-35. LDP Assessment Results, Compression in Exterior Columns, 4-Story SMF, BSE-1

322122 BSE-2 Earthquake Hazard Level (CP BPL)
In this section, the following apply:

e Figure 3-36 and Figure 3-37 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-2 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «, see Eq. 3-6.

e Figure 3-38 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pcr.

All component actions satisfy the CP BPL acceptance criteria except the exterior beam-to-column
connections in the RSA-designed frame on the second floor. As identified previously in §3.2.2.1.1.1, these
connection failures are primarily due to reduced m-factors as a result of the FR connection modifiers for
panel zone strength and clear span-to-depth limitations. Assessment results for the panel zones all remained
small compared to unity—see §3.2.2.1.1.1. Figure 3-36(b) and Figure 3-37(b) show that the frame columns
are deformation-controlled for flexure.
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Figure 3-36. LDP Assessment Results, 4-Story SMF ELF, BSE-2 CP
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Figure 3-38. LDP Assessment Results, Compression in Exterior Columns, 4-Story SMF, BSE-2

Axial Load Demand, P (kips)

(a) ELF

3-52

Axial Load Demand, P (kips)

(b) RSA



32213 Nonlinear Static Procedure

In this section, the following apply:

e Table 3-13 through Table 3-15 provide the computed NSP analysis and assessment parameters in

accordance with ASCE 41 §3.3.3.

e Figure 3-39 and Figure 3-40 illustrate the monotonic pushover curves for the ELF and RSA-
designed frames, respectively, at the BSE-2 EHL. Roof displacement is measured at the Center of
Mass (CoM). A significant change in base shear is due to component strength loss (e.g., plastic
hinges), notated in the figures. The softening of the pushover curve evident at about 12 inches of
roof displacement for each frame is due to column hinges developing at the base of the frames.
First-order and second-order responses, shown in these figures, aids in computing a physically

meaningful value for ap.s used in ASCE 41 Equation 3-17.
e Figure 3-41 and Figure 3-42 illustrate the story drift ratios in terms of the roof drift ratio.

As discussed in §3.1.3.2.1, the NSP is permitted, but requires supplemental verification using the LDP—
see §3.2.2.1.2. In this case, for both BSE-1 and BSE-2, the target displacement governs A, for the ELF
frame whereas the displacement at the maximum base shear governs A, for the RSA frame. The change in
Aqbetween BSE-1 and BSE-2 adds complexity to NSP process by changing the pushover variables. Axial
compression force in the exterior columns at the target displacement are shown previously in the linear

assessment sections.

Table 3-13. NSP General Information, 4-Story SMF (Kkip, inch)

Design T, K, A, vy K, T, h Apeat Vyeak w Cp Cy
ELF 1.81 101.1 8.9 891 100.6  1.82 1.09 219 9677 5172 1.00 1.28
RSA 2.19 67.6 8.4 570 67.7 2.18 1.12 15.3 6373 5136 1.00 1.28

Table 3-14. NSP Analysis Parameters, 4-Story SMF BSE-2 CP (kip, inch)

Design Sa R C C, A, V, Ay Q [2%3 ap.a Q. Ryax R< Ry
ELF 0.50 2.90 1.00 1.00 206  967.7  20.6 0.06 -028 -0.01 -0.06 7.61 OK
RSA 0.43 3.86 1.00 1.00 255 579.5 153 0.15 -020 -0.01 -0.05 9.33 OK

Table 3-15. NSP Analysis Parameters— 4-Story SMF BSE-1 LS (kip, inch)

Design Sa R C C, A, v, Ay Q [2%} ap.a Q. Ryax R< Ry
ELF 0.33 1.93 1.00 1.00 13.8 9454 138 0.11 -0.18  -0.01 -0.04 9.46 OK
RSA 0.29 2.57 1.00 1.00 17.0 636.6 153 0.15 -020 -0.01 -0.05 9.33 OK
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Figure 3-40. 4-Story SMF RSA Pushover, BSE-2
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Of particular interest in the pushover curves is the large disparity between the peak base shears developed
in the ELF- and RSA-designed buildings (RSA / ELF = 637 / 968 = 0.66), a 34 percent change. At first
glance, this is greater than the 15 percent difference in design base shears allowed by ASCE 7. Upon further
inspection, it can be reasoned that the primary contribution to this disparity is due to the increase in strength
provided to the ELF-designed frame to satisfy drift provisions in ASCE 7 (i.e., 15 percent plus additional
strength)—see NSP discussion in the 8-story results for more information.

Figure 3-43 illustrates which frame columns are force-controlled for flexure for both the NSP and NDP; all
flexural actions are deformation-controlled in these frames. Figure 3-44 through Figure 3-47 illustrate the
DCRy values if greater than unity for the ELF- and RSA-designed frames at the target displacement for the
LS BPL at the BSE-1 EHL and CP BPL at the BSE-2 EHL. These figures illustrate demands when the
system is loaded to the right. The only performance concern observed is the exterior beam-to-column
connections on the second floor in the RSA-designed frame at the BSE-2. As discussed previously in the
linear assessment sections, the acceptance criteria of these components are impacted by the FR connection
modifiers.

OuLr®  ®
| i | i i Roof
‘Ji} T . T T’ (ELEV = 60 ft.)
i 4" Floor
I:l} T | T T_ (ELEV =46 ft.)
) rd
| ~_ 3" Floor
T T ! T T’ (ELEV =32 ft.)
| 2" Floor
T T | T T_ (ELEV =18 ft)
All columns are deformation- Column is force-controlled for flexure if
controlled (DC) for flexure unless P > 0.5%P¢;, where P is computed at the
indicated as force-controlled (FC) target displacement for the NSP and as
in figure the maximum value for the NDP

Figure 3-43. Schematic of Flexural Actions in Columns, 4-Story SMF (NSP and NDP)

3-56



® DCRy>=1.0

0.9<DCRy<1.0
0.8 <DCRy<0.9

® 0.7<DCRy<0.8

DCRy<0.7

—oge—ige—oge—og- (%)

— oot -(Q)

©
=3
|
&
|
&
|
&

—ope—oge—ogo—og- ()

Roof

"~ (ELEV =60 ft.)

} 4™ Floor
(ELEV = 46 ft.)

3" Floor

"~ (ELEV =321t)

2" Floor

~(ELEV =18 ft)

Figure 3-44. NSP Assessment Results, 4-Story SMF ELF, BSE-1 LS (+push to right)
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Figure 3-45. NSP Assessment Results, 4-Story SMF RSA, BSE-1 LS (+push to right)
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Figure 3-46. NSP Assessment Results, 4-Story SMF ELF, BSE-2 CP (+push to right)
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Figure 3-47. NSP Assessment Results, 4-Story SMF RSA, BSE-2 CP (+push to right)

32214 Nonlinear Dynamic Procedure

The earthquake record set used to assess the E-W direction of MC4 is shown in Appendix A. For the ELF
design, the analysis successfully completed for all 14 records at the BSE-1 and BSE-2 EHL. For the RSA
design, the analysis successfully completed for all 14 records at the BSE-1 EHL; however, four analyses
did not complete at the BSE-2 EHL due to excessive lateral drift. Maximum axial compression force in the
exterior column lines from the record set are shown previously in the linear assessment sections.

Figure 3-48 through Figure 3-51 show the performance of the beam hinges (i.e., beam-to-column
connections) at the BSE-1 (LS BPL) and BSE-2 (CP BPL) for the ELF- and RSA-designed frames,
respectively. The results from the LSP, LDP, and NSP (loaded to the right) are included in the figures.
Comparison discussions between the various procedures are addressed subsequently. As is evident from
the figures, the ELF-designed frame performs better than the RSA-designed frame. Results for the RSA-
designed frame indicate that the exterior beam-to-column connections have difficulty satisfying the CP
BPL acceptance criteria at the BSE-2 EHL (primarily based on mean response). In contrast to the mean
response, the median response generally indicates better performance because it is less influenced by large
deformations resulting from component strength loss potentially resulting in collapse of the system.
Consequently, the median is potentially a more stable performance metric when analyzing a large number
of ground motion records, but should be restrained relative to a mean value.

The average ratio of secondary to primary component acceptance criteria for an RBS beam-to-column
connection for all W18 sections and deeper is 1.49 for the CP SPL (1.47 for the LS SPL). The figures for
the RSA-designed frame illustrate that this value is exceeded in the exterior beam-to-column connections
at the BSE-2 EHL. This highlights the rapid analytical progression towards a collapsed state when several
components are strained past the deformation associated with their peak strength—see §3.1.4.2.
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Figure 3-51. NDP Assessment Results, Beam Hinges, 4-Story SMF RSA, BSE-2 CP

The previous figures for the RSA-designed frame illustrate that the component strengths provided by drift
control measures in ASCE 7 at 3xMCERr (equal to the BSE-1 here) are not significant enough to overcome
the demands to satisfy the assessment criteria at the BSE-2 (taken here as MCER). In contrast, the ELF-
designed frame satisfies the assessment criteria at the BSE-2. First, strong panel zones reduce the allowable
deformations in the acceptance criteria and component model for the exterior beam-to-column connections.
Second, the increase in hinge demands in the lower floors is attributed primarily to design choices, as drift
is typically not a primary concern in these regions and thus beam strengths seldom get increased
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significantly. Also contributing to this increase, to a lesser extent, is the distribution of the design forces
from the MRSA. This effect highlights the change in story demands as column base hinges develop, an
influence not addressed in elastic design analysis. However, a secondary design analysis to address the
effects of “pinned” column bases could be conducted—not done in this study.

Figure 3-43 (see NSP section) illustrates which flexural actions in the frame columns are force-controlled
for both the NSP and NDP; all flexural actions are deformation-controlled in these frames. Figure 3-52 and
Figure 3-53 show the performance of the column hinges for the CP BPL criteria at the BSE-2 EHL (LS
BPL for the BSE-1 is not shown). Column hinges at the base experience inelastic strain demands (yield
corresponds to a DCRy = 0.15 in the figures). However, the deformation demands are considerably lower
than the primary CP acceptance criteria.

The DCRy results for the LSP and LDP are based on an interaction equation and not from Myp / mxMcg, or
Mur ! Mcr, which would be a more physically consistent metric for comparison against the results from the
nonlinear assessment procedures. Nonetheless, the linear results are applicable here because the columns
are also deformation-controlled for flexure in the linear assessment procedures. Though there is a
fundamental difference in how the DCRy is computed for the linear and nonlinear procedures, the linear
assessment results show similar distributions of demands and location of potential performance concerns.
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Figure 3-52. NDP Assessment Results, Column Hinges, 4-Story SMF ELF, BSE-2 CP
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Figure 3-53. NDP Assessment Results, Column Hinges, 4-Story SMF RSA, BSE-2 CP

Figure 3-54 and Figure 3-55 show the curvature ductility demand of the column hinges (i.e., section
strength) at the BSE-2 EHL. Figure 3-56 and Figure 3-57 show the elastic member strength interaction
results at the BSE-2 EHL. The results indicate that the columns in the ELF- and RSA-designed frames
satisfy the intended lower-bound acceptance criteria.
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Figure 3-54. NDP Assessment Results, Column Hinges, 4-Story SMF ELF, BSE-2 Yield
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Figure 3-55. NDP Assessment Results, Column Hinges, 4-Story SMF RSA, BSE-2 Yield
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Figure 3-56. NDP Assessment Results, Column Members, 4-Story SMF ELF, BSE-2 CP
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All columns are deformation-controlled for flexure

Roof 4 J » . - ® . - « .
Col. Line B Col. Line C Col. Line D Col. Line E
—=— Median
4 - B = 1 - . —e— Mean
84th
Mean-+1std
E —LSP
g 3 w 1 = . - - - LDP
2
—
2 . - ] - ] -
Base

T T T T T T II T T T T T T T T T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 02 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
DCR, = P-M Interation Result
(NDP = max of either axis, LSP / LDP = interaction equations from ASCE 41)

Figure 3-57. NDP Assessment Results, Column Members, 4-Story SMF RSA, BSE-2 CP

Figure 3-58 and Figure 3-59 show the performance of the panel zones for the CP BPL criteria at the BSE[
2 EHL (LS BPL for the BSE-1 is not shown). The deformation demands are significantly lower than the

CP acceptance criteria. Converting the results to total deformation / yield deformation indicates that the

demands for the BSE-2 are consistently less than 4xy. These results illustrate that the panel zones are

stronger than required by the assessment criteria, which may be the result of designing panel zones for the

probable connection strength in lieu of the nominal yield strength (i.e., M,) as recommended in FEMA 350.

Also, upsizing column sizes to offset the need for doubler plates increases the shear strength of the panel

zones. Future research should investigate alternative design procedures for panel zones as well as the

variation in performance if columns sizes were not increased and doubler plates were added. This research

would include the variation in the performance of column base hinges or column-to-base connections.
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Figure 3-59. NDP Assessment Results, Panel Zones, 4-Story SMF RSA, BSE-2 CP
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3.2.2.2 Eight-Story Moment Frame

32221 Linear Static Procedure

322211 BSE-1 Earthquake Hazard Level (LS BPL)
In this section, the following apply:

e Figure 3-60 and Figure 3-61 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LSP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-62 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column and panel zone component actions satisfy the LS BPL acceptance criteria except for
the exterior beam-to-column connections in the RSA-designed frame on the third through sixth floors.
These connection failures are primarily due to reduced m-factors as a result of the FR connection modifiers
for panel zone strength and clear span-to-depth limitations. The 20 percent reduction between the interior
connections in the RSA-designed frame on the second and third floors in Figure 3-61(b) is due to the change
in the average story-height, #, when computing the panel zone demands—see ASCE 41 §5.4.2.4.2-4.2.
These figures illustrate that drift and stability control in ASCE 7 provides a significant amount of member
overstrength so that beam-to-column connections in the ELF-designed frame easily satisfy the LS BPL
acceptance criteria. Assessment results for the panel zones all remained small compared to unity—see
§3.2.2.1.1.1.

Several columns do not satisfy the LS BPL acceptance criteria using the interaction equation because they
are designated as force-controlled for flexure since Pyr exceeds 0.5%Pc;. Force-controlled designation can
be particularly problematic for base columns where plastic hinges are expected to form. As discussed
previously in §3.2.2, Pyr is determined by taking J (ASCE 41 §3.4.2.1.2-2) as the minimum DCR of the
component(s) delivering force to the column, but not less than 2.0; interior columns are not applicable
because Pr is essentially zero. This approach produces the least conservative Pyr as compared to AISC 341
SMF column design requirements and the fully yielded system as prescribed in ASCE 41 §3.4.2.1.2-1, as
shown in Figure 3-62. It does not seem justified that force-controlled response be triggered by Pur/ Pc; in
lieu of Pyr/ Pye, more so when Pc; is governed by any buckling mode other than in-plane flexural buckling.
First, Pcr can be controlled by flexural buckling about the weak-axis, which is a failure mode that should
be treated separately from the formation of a plastic hinge from in-plane bending. Second, P¢; varies based
on the length of a member whereas P,. is constant. ASCE 41-13 took the first step in resolving this
inconsistency by permitting Pur / Pc; to be computed in the plane of bending.
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Figure 3-60. LSP Assessment Results, 8-Story SMF ELF, BSE-1 LS
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Figure 3-61. LSP Assessment Results, 8-Story SMF RSA, BSE-1 LS
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Figure 3-62. LSP Assessment Results, Compression in Exterior Columns, 8-Story SMF, BSE-1
322212 BSE-2 Earthquake Hazard Level (CP BPL)

In this section, the following apply:

e Figure 3-63 and Figure 3-64 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LSP at the BSE-2 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-65 provides the maximum axial compression demands, Pur, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column and panel zone component actions satisfy the CP BPL acceptance criteria except for
the beam-to-column connections in the RSA-designed frame on the second through eighth floors. As
identified previously, in §3.2.2.2.1.1these connection failures are primarily due to reduced m-factors as a
result of the FR connection modifiers for panel zone strength and clear span-to-depth limitations.
Assessment results for the panel zones all remained small compared to unity—see §3.2.2.1.1.1.

Several columns do not satisfy the CP BPL acceptance criteria using the interaction equation because they
are designated as force-controlled for flexure because of Pyr exceeding 0.5%P¢; (see previous discussion
in §3.2.2.2.1.1). Further, comparing Figure 3-62 and Figure 3-65 illustrates that adopting a constant J factor
of 2.0 for both performance levels is inconsistent with the intent of capacity design because of the change
in the variation between Pyr and Pcapaciy Design in the figures. Although a column can satisfy the criteria for
BSE-1, it may fail the criteria for BSE-2 because of an overly conservative value for Pyr. Consequently, J
should vary between performance levels for consistency.
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Figure 3-63. LSP Assessment Results, 8-Story SMF ELF, BSE-2 CP
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Figure 3-64. LSP Assessment Results, 8-Story SMF RSA, BSE-2 CP
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Figure 3-65. LSP Assessment Results, Compression in Exterior Columns, 8-Story SMF, BSE-2

1
2100

e Figure 3-66 and Figure 3-67 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «, see Eq. 3-6.

e Figure 3-68 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column connection and panel zone component actions satisfy the LS BPL for the ELF- and
RSA-designed frames. Assessment results for the panel zones all remained small compared to unity—see

§3.2.2.1.1.1.

Several columns do not satisfy the LS BPL acceptance criteria using the interaction equation as they are
designated as force-controlled for flexure because of Pyr exceeding 0.5%P¢; (see previous discussion in
§3.2.2.2.1.1).
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Figure 3-66. LDP Assessment Results, 8-Story SMF ELF, BSE-1 LS
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Figure 3-67. LDP Assessment Results, 8-Story SMF RSA, BSE-1 LS
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Figure 3-68. LDP Assessment Results, Compression in Exterior Columns, 8-Story SMF, BSE-1

322222 BSE-2 Earthquake Hazard Level (CP BPL)
In this section, the following apply:

e Figure 3-69 and Figure 3-70 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-2 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-71 provides the maximum axial compression demands, Pur, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column connection and panel zone component actions satisfy the CP BPL for the ELF- and
RSA-designed frames. Assessment results for the panel zones all remained small compared to unity—see
§3.2.2.1.1.1.

Several columns do not satisfy the CP BPL acceptance criteria using the interaction equation as they are

designated as force-controlled for flexure because of Pyr exceeding 0.5xPc; (see previous discussion in
§3.2.2.2.1.1).
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Figure 3-69. LDP Assessment Results, 8-Story SMF ELF, BSE-2 CP
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Figure 3-70. LDP Assessment Results, 8-Story SMF RSA, BSE-2 CP
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Figure 3-71. LDP Assessment Results, Compression in Exterior Columns, 8-Story SMF, BSE-2

32223 Nonlinear Static Procedure

In this section, the following apply:

e Table 3-16 through Table 3-18 provide the computed NSP analysis and assessment parameters in
accordance with ASCE 41 §3.3.3.

e Figure 3-72 and Figure 3-73 illustrate the monotonic pushover curves for the ELF- and RSA-
designed frames, respectively, and the associated pushover parameters from ASCE 41 at the BSE[]
2 EHL. Roof displacement is measured at the Center of Mass (CoM). A significant change in base
shear is due to component strength loss (e.g., plastic hinges), notated in the figures. The softening
of the pushover curve evident at about 20 inches of roof displacement for each frame is due to
column hinges developing at the base of the frames. First-order and second-order responses, shown
in these figures, aids in computing a physically meaningful value for ap.n used in ASCE 41
Equation 3-17.

e Figure 3-74 and Figure 3-75 illustrate the story drift ratios in terms of the roof drift ratio.

As discussed in §3.1.3.2.1, the NSP is permitted, but requires supplemental verification using the LDP—
see §3.2.2.2.2. In this case for both the BSE-1 and BSE-2 EHLs, the displacement at the maximum base
shear governs A, for both the ELF- and RSA-designed frames. Axial compression force in the exterior
columns at the target displacement are shown previously in the linear assessment sections. Results indicate
that the NSP generally results in a lower estimate of the axial force demands compared to the other methods
used in this study. This is partly because the fundamental mode-based lateral force distribution does not
adequately capture higher mode effects. Also, the target displacement at the roof computed based on
fundamental mode properties may underestimate the story demands in the upper stories.

Figure 3-72 also includes a curve representing the force-displacement response if the column base hinges
did not develop, such as for the case when columns are oversized. In this case, the target displacement
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controls A; and ap.A would be zero (or even positive). The second-order curves shown in the figure illustrate
the potential sensitivity of NSP results when base column hinges develop in moment frames—including
the effect of modeling parameters used for the hinges. Furthermore, the NSP is not permitted for assessment
of the E-W direction of MCS for the RSA-designed frame since R > R, for the BSE-2 EHL—results are
provided here only for performance comparison between systems. However, the ratio of R / Ry (= 1.01)
would likely be acceptable in practice.

Table 3-16. NSP General Information, 8-Story SMF (kip, inch)

Design T, K; A, v, K. T. h Apeat Vyea /4 C, Cy
ELF 2.79 76.9 13.7 1050 76.9 2.79 1.15 19.1 1116.9 10618 1.00 1.32
RSA 3.60 41.5 14.9 623 41.7 3.59 1.19 26.3 664.8 10527 1.00 1.33

Table 3-17. NSP Analysis Parameters, 8-Story SMF BSE-2 CP (kip, inch)

Design Sa R C] Cz A, V, Ad a; [2%) Op-A (2% Rmax R< Rmax
ELF 0.33 3.37 1.00 1.00 335 1092.3 19.1  0.16 -0.25 -0.02 -0.07 6.88 OK
RSA 0.26 4.35 1.00 1.00 43.3 593.2 26.3 0.09 -0.31 -0.10 -0.14 4.31 R >R,

Table 3-18. NSP Analysis Parameters— 8-Story SMF BSE-1 LS (kip, inch)

Design S. R C G, A v, Ay a fosy apa 22 Ruaex RS Ry
ELF 0.22 2.25 1.00 1.00 22.4 1113.0 19.1 0.16 -0.25 -0.02 -0.07 6.88 OK
RSA 0.17 2.90 1.00 1.00 28.8 660.7 26.3  0.09 -0.31 -0.10 -0.14 4.31 OK
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Figure 3-72. 8-Story SMF ELF Pushover, BSE-2
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Of particular interest in the pushover curves is the large disparity between the peak base shears developed
in the ELF- and RSA-designed buildings (RSA / ELF = 665 / 1117 = 0.6), a 40 percent change. At first
glance, this is greater than the 15 percent difference in design base shears allowed by ASCE 7. Upon further
inspection, it can be reasoned that the primary contribution to this disparity is due to the increase in strength
provided to the ELF-designed frame to satisfy drift provisions in ASCE 7 (i.e., 15 percent plus additional
strength). To a lesser extent, the distribution of the lateral forces in the NSP do not coincide with the
allocation of the story shear yield strengths (as shown in Figure 3-76 and Figure 3-77), which results in
capping the base shear if the initial story mechanism develops above the first story (as is the case for the
RSA-designed frame). The oval in these figures illustrates the first floor to develop its defined yield
strength, V;, and the color-code for the expected plastic hinges match that provided in Figure 3-79.

Figure 3-78 illustrates which frame columns are force-controlled for flexure for both the NSP and NDP;
red circles indicate anticipated plastic hinge locations that are force-controlled for flexure at the target
displacement. As shown in the figure, the force-controlled columns do not align between the two frames—
the axial load ratios, P/ Pcr, for the exterior base columns are 0.58 and 0.48 for the ELF- and RSA-designed
frames, respectively (0.26 and 0.64 at the fifth story). This illustrates the sensitivity of results due to
variations between the non-adaptive loading profile in the NSP and that used for design. Figure 3-79
through Figure 3-82 illustrate the DCRy values if greater than unity for the ELF- and RSA-designed frames
at the target displacement for the LS BPL at the BSE-1 EHL and CP BPL at the BSE-2 EHL. These figures
illustrate the demands when the system is loaded to the right. All component actions for the beam-to-column
connections and panel zones satisfy the LS and CP BPL acceptance criteria at the target displacements.
However, assuming deformation-controlled flexural actions, the exterior base column hinge for both frames
fail the CP BPL primary acceptance criteria. This is a corollary to a column plastic hinge model (section
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strength) being a function of Pc; (based on member stability) and not Py. (based on section strength), as
well as the adopted P-M interaction equation (see previous discussion on nonlinear model). This also
indicates that this may be the first hinge to experience significant strength loss (P / Pcr = 0.28 for gravity
loads alone—see summary section for calculations). As it is an exterior base column, this could be

detrimental to the performance of the system.
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Figure 3-76. Story Shear Demand to Strength Comparison, ELF
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Figure 3-77. Story Shear Demand to Strength Comparison, RSA
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Several exterior columns, including those at the base of the ELF-designed frame, are force-controlled for
flexure at the target displacements. Force-controlled base columns are problematic for a region that is
expected to experience inelastic strain demands. Therefore, the acceptance criterion for these flexural
actions is based on the force-controlled lower-bound elastic P-M interaction (ASCE 41 Equation 5-12). As
discussed previously, variations in P-M interaction curves add complexity to nonlinear flexural hinge
model. Essentially, a nonlinear hinge based on the expected yield surface of the section must be
accompanied by another model that can measure the lower-bound strength of the member (one for each
axis of buckling). For simplicity, failing of the acceptance criteria (without computing interaction values)
is self-evident because of the development of plastic hinges in the frame columns. Because plastic hinges
have developed in the base columns in the ELF-design frame, flexural actions therefore do not satisfy the
intended elastic acceptance criteria. Conversely, the force-controlled columns in the RSA frame satisfy the
intended elastic acceptance criteria—member stability would still need to be verified.
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32224 Nonlinear Dynamic Procedure

The earthquake record set used to assess the E-W direction of MCS8 is shown in Appendix A. For the ELF
design, the analysis successfully completed for all 14 records at the BSE-1 EHL; however, three analyses
did not complete at the BSE-2 EHL because of excessive lateral drift or solution non-convergence. For the
RSA design, the analysis successfully completed for 12 records at the BSE-1 EHL; however, nine analyses
did not complete at the BSE-2 EHL because of excessive lateral drift or solution non-convergence.
Maximum axial compression force in the exterior column lines from the record set are shown previously in
the linear assessment sections.

Figure 3-83 through Figure 3-86 show the performance of the beam hinges (i.e., beam-to-column
connections) at the BSE-1 (LS BPL) and BSE-2 (CP BPL) for the ELF- and RSA-designed frames,
respectively. The results from the LSP, LDP, and NSP (loaded to the right) are included in the figures.
Comparison discussions between the various procedures are addressed subsequently. As is evident from
the figures, the ELF-designed frame performs better than the RSA—designed frame. Results for the RSA-
designed frame indicate that the beam-to-column connections have difficulty satisfying the CP BPL
acceptance criteria at the BSE-2 EHL (primarily based on mean response). In contrast to the mean response,
the median response indicates better performance at all stories because it is less influenced by large
deformations resulting from component strength loss potentially resulting in collapse of the system.
Consequently, the median is potentially a more stable performance metric when analyzing a large number
of ground motion records, but should be restrained relative to a mean value. Further, there is a strong
probability that system response is triggered by the performance of the exterior base column hinges—see
previous discussion in NSP section.
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Figure 3-83. NDP Assessment Results, Beam Hinges, 8-Story SMF ELF, BSE-1 LS
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Figure 3-84. NDP Assessment Results, Beam Hinges, 8-Story SMF RSA, BSE-1 LS

The average ratio of secondary to primary component acceptance criteria for an RBS beam-to-column
connection for all W18 sections and deeper is 1.49 for the CP SPL (1.47 for the LS SPL). The figures for
the both frames illustrate that this value is exceeded in the beam-to-column connections at the BSE-2 EHL.

This highlights the rapid progression towards a collapse state when several components are strained past
the deformation associated with their peak strength—see §3.1.4.2.
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Figure 3-85. NDP Assessment Results, Beam Hinges, 8-Story SMF ELF, BSE-2 CP
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Figure 3-86. NDP Assessment Results, Beam Hinges, 8-Story SMF RSA, BSE-2 CP

The previous figures illustrate for both frames that the component strengths provided by drift and stability

control measures in ASCE 7 at %xMCER (equal to the BSE-1 here) are not significant enough to overcome

the demands to satisfy the assessment criteria at the BSE-2 (taken here as MCER). First, strong panel zones

reduce the allowable deformations in the acceptance criteria and component model for the exterior beam
to-column connections. Second, base hinge modeling could have a drastic effect on the performance of the

beam-to-column connections. This further highlights the change in story demands as column base hinges

develop, an influence not addressed in elastic design analysis. However, a secondary design analysis to

address the effects of “pinned” column bases could be conducted—not done in this study.

Figure 3-78 (see NSP section) illustrates which flexural actions in the frame columns are force-controlled

for both the NSP and NDP. Figure 3-87 and Figure 3-88 show the performance of the column hinges for

the CP BPL criteria for the BSE-2 assuming deformation-controlled flexural actions (LS BPL for the BSE[
1 is not shown). Column hinges at the base experience inelastic strain demands (yield corresponds to a

DCRy = 0.15 in the figures). The deformation demands in these hinges are considerably higher than the CP

primary acceptance criteria, indicating a significant performance concern of the frame columns and the

SFRS. Similarly, the exterior base columns in the ELF-designed frame are force-controlled for flexure and

therefore do not satisfy the lower-bound elastic acceptance criteria at the BSE-2 EHL. Moreover, the

columns in the RSA-designed frame on the fifth floor do not satisfy the acceptance criteria because they

are also force-controlled.

The DCRy results for the LSP and LDP are based on an interaction equation and not from Myp / mXMcg, or
Mur | Mcr, which would be a more physically consistent metric for comparison against the results from the
nonlinear assessment procedures. Nonetheless, the linear results are generally not applicable here because
most columns are force-controlled for flexure in the linear assessment procedures. Though there is a
fundamental difference in how the DCRy is computed for the linear and nonlinear procedures, the linear
assessment results show similar distributions of demands and location of potential performance concerns.
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Figure 3-88. NDP Assessment Results, Column Hinges, 8-Story SMF RSA, BSE-2 CP

Figure 3-89 and Figure 3-90 show the curvature ductility demand of the column hinges (i.e., section
strength) at the BSE-2 EHL. Figure 3-91 and Figure 3-92 show the elastic member strength interaction
results at the BSE-2 EHL. The results indicate that the columns above the base in the ELF-designed frame
satisfy the intended lower-bound acceptance criteria whereas the columns in the RSA-designed frame
consistently do not satisfy these acceptance criteria—a result of the large number of analyses that did not
complete.
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Figure 3-92. NDP Assessment Results, Column Members, 8-Story SMF RSA, BSE-2

Figure 3-93 and Figure 3-94 show the performance of the panel zones for the CP BPL criteria at the BSE[]
2 EHL (LS BPL for the BSE-1 is not shown). The deformation demands are significantly lower than the
CP acceptance criteria. Converting the results to shear ductility (total deformation / yield deformation, %)
indicates that the demands for the BSE-2 are consistently less than 4xy. These results illustrate that the
panel zones are stronger than required by the assessment criteria—see discussion in the 4-story NDP
section. There is one outlier at the interior panel zones on the third floor in the RSA-designed frame. First,
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the first hinges to form are on the third floor. Second, the mean results are biased toward the collapse state
of the frame for a given record—a result of the large number of analyses that did not complete.
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3.2.2.3 Sixteen-Story Moment Frame

32231 Linear Static Procedure

3.2.23.1.1 BSE-1 Earthquake Hazard Level (LS BPL)
In this section, the following apply:

e Figure 3-95 and Figure 3-96 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LSP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

e Figure 3-97 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column and panel zone component actions satisfy the LS BPL acceptance criteria except for
the exterior beam-to-column connections in the RSA-designed frame on the 14" floor. These connection
failures are primarily due to reduced m-factors as a result of the FR connection modifiers for panel zone
strength and clear span-to-depth limitations. These figures illustrate that drift and stability control in ASCE
7 provides a significant amount of member overstrength so that beam-to-column connections in the ELF-
designed frame easily satisfy the LS BPL acceptance criteria. Assessment results for the panel zones all
remained small compared to unity—see §3.2.2.1.1.1.

Several exterior frame columns in the RSA-designed frame do not satisfy the LS BPL acceptance criteria
using the interaction equation because they are designated as force-controlled for flexure since Pyr exceeds
0.5xPc—see §3.2.2.2.1 for more discussion. As discussed previously in §3.2.2, Pyr is determined by
taking J (ASCE 41 §3.4.2.1.2-2) as the minimum DCR of the component(s) delivering force to the column,
but not less than 2.0; interior columns are not applicable because P is essentially zero. This approach
produces the least conservative Pyr as compared to AISC 341 SMF column design requirements and the
fully yielded system as prescribed in ASCE 41 §3.4.2.1.2-1, as shown in Figure 3-97.
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Figure 3-95. LSP Assessment Results, 16-Story SMF ELF, BSE-1 LS
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Figure 3-97. LSP Assessment Results, Compression in Exterior Columns, 16-Story SMF, BSE-1
3.2.2.3.1.2 BSE-2 Earthquake Hazard Level (CP BPL)

In this section, the following apply:

1
5000

Figure 3-98 and Figure 3-99 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LSP at the BSE-2 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can

be obtained by multiplying DCRy by m and «;, see Eq. 3-6.

Figure 3-100 provides the maximum axial compression demands, Pyr, in the exterior column lines

for various analysis methods and the column capacity, Pc;.

All beam-to-column and panel zone component actions satisfy the CP BPL acceptance criteria except for
several exterior beam-to-column connections in the RSA design on several floors. These connection failures

are due to reduced m-factors as a result of the FR connection modifiers for panel zone strength and clear
span-to-depth limitations. Assessment results for the panel zones all remained small compared to unity—
see §3.2.2.1.1.1.

Several exterior frame columns in the ELF- and RSA-designed frames do not satisfy the CP BPL acceptance
criteria using the interaction equation because they are designated as force-controlled for flexure since Pyr

exceeds 0.5xPc—see §3.2.2.2.1 for more discussion. Further, comparing Figure 3-97 and Figure 3-100

illustrates that adopting a constant J factor of 2.0 for both performance levels is inconsistent with the intent
of capacity design because of the change in the variation between Pyr and Pcapacity Design 10 the figures—see
§3.2.2.2.1 for more discussion.
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Figure 3-98. LSP Assessment Results, 16-Story SMF ELF, BSE-2 CP
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Figure 3-99. LSP Assessment Results, 16-Story SMF RSA, BSE-2 CP
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Figure 3-100. LSP Assessment Results, Compression in Exterior Columns, 16-Story SMF, BSE-2

1
5000

Figure 3-101 and Figure 3-102 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-1 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can
be obtained by multiplying DCRy by m and «;, see Eq. 3-6.
Figure 3-103 provides the maximum axial compression demands, Pyr, in the exterior column lines
for various analysis methods and the column capacity, Pc;.

All beam-to-column connection, panel zone, and column component actions satisfy the LS BPL for the
ELF- and RSA- designed frames. Contrary to the LSP results, all exterior frame columns in the ELF-
designed frame are deformation-controlled for flexural action for the LDP, whereas only a few more are
deformation-controlled for the RSA-designed frame. Assessment results for the panel zones all remained
small compared to unity—see §3.2.2.1.1.1.
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Figure 3-101. LDP Assessment Results, 16-Story SMF ELF, BSE-1 LS
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Figure 3-102. LDP Assessment Results, 16-Story SMF RSA, BSE-1 LS
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e Figure 3-104 and Figure 3-105 provide the DCRy and load-dependent m-factor values for the ELF
and RSA designs, respectively, for the LDP at the BSE-2 EHL. In these figures, DCRy values
greater than unity are highlighted in red and underlined. DCR values, as defined by ASCE 41, can

be obtained by multiplying DCRy by m and «, see Eq. 3-6.

e Figure 3-106 provides the maximum axial compression demands, Pur, in the exterior column lines

for various analysis methods and the column capacity, Pc;.

All beam-to-column and panel zone component actions satisfy the CP BPL acceptance criteria except for

several exterior beam-to-column connections in the RSA- designed frame in the upper floors. As identified

previously in §3.2.2.3.1.1, these connection failures are primarily due to reduced m-factors as a result of

the FR connection modifiers for panel zone strength and clear span-to-depth limitations. Assessment results

for the panel zones all remained small compared to unity—see §3.2.2.1.1.1.

Several exterior frame columns in the RSA-designed frames do not satisfy the CP BPL acceptance criteria

using the interaction equation because they are designated as force-controlled for flexure since Pyr exceeds
0.5%Pcr—see §3.2.2.2.1 for more discussion.
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Figure 3-104. LDP Assessment Results, 16-Story SMF ELF, BSE-2 CP
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Figure 3-105. LDP Assessment Results, 16-Story SMF RSA, BSE-2 CP
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Figure 3-106. LDP Assessment Results, Compression in Exterior Columns, 16-Story SMF, BSE-2
3.2.2.33 Nonlinear Static Procedure

In this section, the following apply:

e Table 3-19 through Table 3-21 provide the computed NSP analysis and assessment parameters in
accordance with ASCE 41 §3.3.3.

e Figure 3-107 and Figure 3-108 illustrate the monotonic pushover curves for the ELF- and RSA-
designed frames, respectively, and the associated pushover parameters from ASCE 41 at the BSE[]
2 EHL. Roof displacement is measured at the Center of Mass (CoM). A significant change in base
shear is due to component strength loss (e.g., plastic hinges), notated in the figures. The softening
of the pushover curve evident at about 30 inches of roof displacement for each frame is due to
column hinges developing at the base of the frames. First-order and second-order responses, shown
in these figures, aids in computing a physically meaningful value for ap.n used in ASCE 41
Equation 3-17.

e Figure 3-109 and Figure 3-110 illustrate the story drift ratios in terms of the roof drift ratio.

As discussed in §3.1.3.2.1, the NSP is permitted, but requires supplemental verification using the LDP—
see §3.2.2.3.2. In this case, the target displacement governs A, for the ELF-designed frame for both BSE-1
and BSE-2 and the RSA-designed frame for BSE-1, whereas the displacement at the maximum base shear
governs the RSA-designed frame for BSE-2. The change in Ay between BSE-1 and BSE-2 adds complexity
to NSP process by changing the pushover variables. Further, when A, is governed by the target
displacement, the system can show decreased values for R,. between BSE-1 and BSE-2. Axial
compression force in the exterior columns at the target displacement are shown previously in the linear
assessment sections. Results indicate that the NSP generally results in a lower estimate of the axial force
demands compared to the other methods used in this study. This is partly because of the fundamental mode-
based lateral force distribution not capturing higher mode effects. Also, the target displacement at the roof
computed based on fundamental mode properties may underestimate the story demands in the upper stories.
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Table 3-19. NSP General Information, 16-Story SMF (kip, inch)

Design T, K; A, v, K. T. h Apeak Vyea /4 C, Cy
ELF 4.12 64.0 24.6 1571 63.8 4.13 1.21 62.3 1617.0 21782 1.00 1.29
RSA 4.67 45.5 25.8 1177 45.6 4.66 1.23 41.1 1203.6 21649 1.00 1.36

Table 3-20. NSP Analysis Parameters, 16-Story SMF BSE-2 CP (kip, inch)

Design Sa R C] C_? A, V( Ay 2%} (2% Qp.A (22 Rmax R< Rmax
ELF 0.22 3.04 1.00 1.00 47.4 1617.0 474  0.03 -0.45 0.00 -0.09 6.58 OK
RSA 0.20 3.60 1.00 1.00 56.7 1196.3 41.1 0.04 -0.34 -0.02 -0.08 7.09 OK

Table 3-21. NSP Analysis Parameters, 16-Story SMF BSE-1 LS (kip, inch)

Design Sa R C, C, A, V, Ag a; [22) ap.a a, Roux R< R
ELF 0.15 2.03 1.00 1.00 31.6 1581.9 31.6  0.02 -0.25 0.00 -0.05 10.53 OK
RSA 0.13 2.40 1.00 1.00 37.8 1202.9 37.8 0.05 -0.31 -0.02 -0.07 7.54 OK
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Figure 3-107. 16-Story SMF ELF Pushover, BSE-2
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Figure 3-110. 16-Story SMF RSA Pushover — Story Drift Ratios — BSE-2

Of particular interest in the pushover curves is the large disparity between the peak base shears developed
in the ELF- and RSA-designed buildings (RSA / ELF = 1204 / 1617 = 0.74), a 26 percent change. At first
glance, this is greater than the 15 percent difference in design base shears allowed by ASCE 7. Upon further
inspection, it can be reasoned that the primary contribution to this disparity is due to the increase in strength
provided to the ELF-designed frame to satisfy drift provisions in ASCE 7 (i.e., 15 percent plus additional
strength). See NSP discussion in the 8-story results for more information.

Figure 3-111 illustrates which frame columns are force-controlled for flexure for both the NSP and NDP;
red circles indicate anticipated plastic hinge locations that are force-controlled for flexure at the target
displacement. As shown in the figure, the force-controlled columns do not align between the two frames—
the axial load ratios for the exterior base columns are 0.39 and 0.59 for the ELF- and RSA-designed frames,
respectively. This illustrates the sensitivity of results due to variations between the non-adaptive loading
profile in the NSP and that used for design. Figure 3-112 through Figure 3-115 illustrate the DCRy values
if greater than unity for the ELF- and RSA-designed frames at the target displacement for the LS BPL at
the BSE-1 EHL and CP BPL at the BSE-2 EHL. These figures illustrate the demands when the system is
loaded to the right. All component actions for the beam-to-column connections, columns (assuming
deformation-controlled), and panel zones satisfy the LS and CP BPL acceptance criteria at the target
displacements for both designs.

Several exterior columns, including those at the base of the frame for the RSA-designed frame, are force-
controlled for flexure at the target displacement. Force-controlled base columns are problematic for a region
that is expected to experience inelastic strain demands. Therefore, the acceptance criterion for these flexural
actions is based on the force-controlled lower-bound elastic P-M interaction (ASCE 41 Equation 5-12). As
discussed previously, variations in P-M interaction curves add complexity to nonlinear flexural hinge
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model. Essentially, a nonlinear hinge based on the expected yield surface of the section must be
accompanied by another model that can measure the lower-bound strength of the member (one for each
axis of buckling). For simplicity, failing of the acceptance criteria (without computing interaction values)
is self-evident because of the development of plastic hinges in the frame columns. Because plastic hinges
have developed in the base columns in the ELF-design frame, flexural actions therefore do not satisfy the
intended elastic acceptance criteria. Conversely, the force-controlled columns in the RSA frame satisfy the
intended elastic acceptance criteria; however, member stability would still need to be verified.

© PR @
I
|

Roof
(ELEV =228 ft.)

16" Floor
(ELEV =214 ft.)

15" Floor
(ELEV =200 ft.)

14" Floor
(ELEV = 186 fi.)

13" Floor
(ELEV =172 ft.)

— R —— oo

12" Floor
(ELEV = 158 ft.)

ELFNDPLS & CP
RSANDP LS & CP

RSANSPLS & CP
11" Floor

(ELEV = 144 ft.)

10" Floor
(ELEV = 130 fi.)

ELFNDPLS & CP
RSA NDP LS & CP h
9" Floor

(ELEV = 116 ft.)

RSA NDP LS & CP
RSANSPCP "
8" Floor

(ELEV = 102 ft.)

ELFNDPLS & CP
RSANDP LS & CP

RSANSPLS & CP
7" Floor

(ELEV = 88 ft.)

ELFNDPLS & CP
RSANDP LS & CP

RSA NSPLS & CP th
6" Floor

(ELEV = 74 ft.)

ELFNDPLS & CP
RSANDP LS & CP
ELFNSP LS & CP

RSA NSPLS & CP 5" Floor

(ELEV = 60 ft.)

RSA NDP LS & CP
RSA NSPLS & CP "
4" Floor

(ELEV =46 ft.)

ELFNDPLS & CP
RSANDP LS & CP

RSANSPLS & CP
3" Floor

(ELEV =32 ft.)

RSA NDP CP
2" Floor
(ELEV = 18 ft.)

RSANDP LS & CP
RSANSPLS & CP

— e — 0 — O — G — G — O — O — G — G — G — G — O — O — G — G — O
— P — P — P — O — P — O — G — D — B — B — G — G — B — B — B — O

All columns are deformation- Column is force-controlled for flexure if
controlled (DC) for flexure unless P> 0.5xP¢;, where P is computed at the
indicated as force-controlled (FC) target displacement for the NSP and as
in figure the maximum value for the NDP

Figure 3-111. Schematic of Flexural Actions in Columns, 16-Story SMF (NSP and NDP)

3-105



® DCRy>1.0

0.9<DCRy<1.0
0.8<DCRy<0.9

® 0.7<DCRy<0.8

DCRy<0.7

AN S Gt S St Sut St S S S S A Am am o)
i

|—'D—'D—'D—'D-—'D—'D—D—ﬂ—ﬂ—ﬂ—ﬂ—ﬂ—ﬂ—ﬂ—ﬂ—ﬂ—"@

— O — O — O — O — O — G — G — G — G — G — G — G — G — G — & — (D)

— O — P — O — 0 — B — O — G —H—H— G — G — o — o — s — O — o (D)

—

Roof
(ELEV =228 fi.)

16" Floor
(ELEV =214 ft.)

15" Floor
(ELEV =200 ft.)

14" Floor
(ELEV = 186 ft.)

13" Floor
(ELEV =172 ft.)

12" Floor
(ELEV = 158 ft.)

11" Floor
(ELEV = 144 ft.)

10" Floor
(ELEV = 130 ft.)

9" Floor
(ELEV =116 ft.)

8" Floor
(ELEV =102 ft.)

7% Floor
(ELEV = 88 ft.)

6" Floor
(ELEV =74 ft.)

5" Floor
(ELEV =60 ft.)

4" Floor
(ELEV =46 ft.)

3" Floor
(ELEV =32 ft.)

2™ Floor
(ELEV = 18 ft.)

Figure 3-112. NSP Assessment Results, 16-Story SMF ELF, BSE-1 LS (+push to right)

3-106



® DCRy>1.0

0.9<DCRy<1.0
0.8<DCRy<0.9

® 0.7<DCRy<0.8

DCRy<0.7

— e — P — P — O — P — P — e —— P — O — 0 — O — 0 — 0 — o — g (%

— O — O — O — O — O — G — G — G — G — G — G — G — G — G — & — (D)

— O — P — O — 0 — B — O — G —H—H— G — G — o — o — s — O — o (D)

A A S A A AU A AR AR A A A A A A A

Roof
(ELEV =228 fi.)

16" Floor
(ELEV =214 ft.)

15" Floor
(ELEV = 200 ft.)

14" Floor
(ELEV = 186 ft.)

13" Floor
(ELEV =172 ft.)

12" Floor
(ELEV = 158 ft.)

11" Floor
(ELEV = 144 ft.)

10" Floor
(ELEV = 130 ft.)

9" Floor
(ELEV =116 ft.)

8" Floor
(ELEV =102 ft.)

7% Floor
(ELEV = 88 ft.)

6" Floor
(ELEV =74 ft.)

5" Floor
(ELEV =60 ft.)

4" Floor
(ELEV =46 ft.)

3" Floor
(ELEV =32 ft.)

2™ Floor
(ELEV = 18 ft.)
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Figure 3-115. NSP Assessment Results, 16-Story SMF RSA, BSE-2 CP (+push to right)
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32234 Nonlinear Dynamic Procedure

The earthquake record set used to assess the E-W direction of MC16 is shown in Appendix A. For the ELF
design, the analysis successfully completed for all 14 records at the BSE-1 and BSE-2 EHL. For the RSA
design, the analysis successfully completed for all 14 records for the BSE-1 EHL; however, four analyses
did not complete at the BSE-2 EHL because of excessive lateral drift or solution non-convergence.
Maximum axial compression force in the exterior column lines from the record set are shown previously in
the linear assessment sections.

Figure 3-116 through Figure 3-119 show the performance of the beam hinges (i.e., beam-to-column
connections) at the BSE-1 (LS BPL) and BSE-2 (CP BPL) for the ELF- and RSA-designed frames,
respectively. The results from the LSP, LDP, and NSP (loaded to the right) are included in the figures.
Comparison discussions between the various procedures are addressed subsequently. As is evident from
the figures, the ELF—designed frame performs better than the RSA-designed frame; however, recall that the
ELF procedure is not permitted in this case. Results of the RSA-designed frame indicate that the beam-to[’
column connections have difficulty satisfying the CP BPL acceptance criteria at the BSE-2 EHL (based on
mean response). In contrast to the mean response, the median response indicates better performance because
it is less influenced by large deformations resulting from component strength loss potentially resulting in
collapse of the system. Consequently, the median is potentially a more stable performance metric when
analyzing a large number of ground motion records, but should be restrained relative to a mean value.

The average ratio of secondary to primary component acceptance criteria for an RBS beam-to-column
connection for all W18 sections and deeper is 1.49 for the CP SPL (1.47 for the LS SPL). The figures for
the RSA-designed frame illustrate that this value is exceeded in the beam-to-column connections at the
BSE-2 EHL. This highlights the rapid progression towards a collapse state when several components are
strained past the deformation associated with their peak strength—see §3.1.4.2.
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Figure 3-116. NDP Assessment Results, Beam Hinges, 16-Story SMF ELF, BSE-1 LS
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Figure 3-118. NDP Assessment Results, Beam Hinges, 16-Story SMF ELF, BSE-2 CP
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Figure 3-119. NDP Assessment Results, Beam Hinges, 16-Story SMF RSA, BSE-2 CP

The previous figures illustrate for the RSA-designed frame that the component strengths provided by drift
and stability control measures in ASCE 7 at %xMCERr (equal to the BSE-1 here) are not significant enough
to overcome the demands to satisfy the assessment criteria at the BSE-2 (taken here as MCER). First, strong
panel zones reduce the allowable deformations in the acceptance criteria and component model for the
exterior beam-to-column connections. Second, base hinge modeling could have a drastic effect on the
performance of the beam-to-column connections. This further highlights the change in story demands as
column base hinges develop, an influence not addressed in elastic design analysis. In contrast, the results
indicate that the ELF-designed frame satisfies the criteria by a considerable margin.

Figure 3-111 (see NSP section) illustrates which flexural actions in the frame columns are force-controlled
for both the NSP and NDP. Figure 3-120 and Figure 3-121 show the performance of the column hinges for
the CP BPL criteria at the BSE-2 EHL assuming deformation-controlled flexural actions (LS BPL for the
BSE-1 is not shown unless assessment at BSE-2 illustrates performance concerns). Column hinges at the
base experience inelastic strain demands (yield corresponds to a DCRy =~ 0.15 in the figures). Mean response
results also indicate column hinges develop up the height of the frame. However, this phenomenon is more
likely associated to the number of collapses rather than a trigger mechanism initiating a structural collapse;
median results may be a more stable metric in this case. Similarly, the exterior base columns in the RSA
frame are force-controlled for flexure. The DCRy results for the LSP and LDP are based on an interaction
equation and not from Myp / mxMcg, or Myr / Mcr, which would be a more physically consistent metric for
comparison against the results from the nonlinear assessment procedures. Nonetheless, the linear results
are generally not applicable here because most columns are force-controlled for flexure in the linear
assessment procedures. Though there is a fundamental difference in how the DCRy is computed for the
linear and nonlinear procedures, the linear assessment results show similar distributions of demands and
location of potential performance concerns.
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Figure 3-120. NDP Assessment Results, Column Hinges, 16-Story SMF ELF, BSE-2 CP
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Figure 3-121. NDP Assessment Results, Column Hinges, 16-Story SMF RSA, BSE-2 CP

Figure 3-122 and Figure 3-123 show the curvature ductility demand of the column hinges (i.e., section
strength) at the BSE-2 EHL. Figure 3-124 and Figure 3-125 show the elastic member strength interaction
results at the BSE-2 EHL. The results indicate that the columns above the base in the ELF-designed frame
satisfy the intended lower-bound acceptance criteria whereas the columns in the RSA-designed frame
consistently do not satisfy these acceptance criteria—a result of the number of analyses that did not
complete.
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Figure 3-122. NDP Assessment Results, Column Hinges, 16-Story SMF ELF, BSE-2 Yield

See LSP and LDP for force-controlled columns.
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Figure 3-123. NDP Assessment Results, Column Hinges, 16-Story SMF RSA, BSE-2 Yield

3-114



= 0 - ] - ] - ]
L\ ColLineB ]| \,colLinec ]|\ colLineD i "\, Col LincE
54 L 4 ] e 1l & JL 1}, See LSP and LDP
141 ; -\-‘/ g 7’ g 7’ g l for force-controlled
134 i, 4 - - - - #77 columns.
121 : g L 4 L, i :
14 i e 1 A i See NSP for
B 10+ . L 44 L 4 force-controlled
5 9 - L 4 L 4 columns.
= g g 2 4 2 4
o 74 | i f | i f | —=— Median
! f ! f —e— Mean
69 1 1<~ 1 ¢ _/" T 84th
54 1 '*’[T‘ 1 "7 1 Mean+1std
44 9 e 9 0 b ——LSP
3 4 £( {4 ./‘{ 4 L0 LDP
24 - i 4 - i o -
Base I: T T l\"r T \fr T T * T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 00 05 10 15 20
DCR, = P-M Interation Result
(NDP = max of either axis, LSP / LDP = interaction equations from ASCE 41)
Figure 3-124. NDP Assessment Results, Column Members, 16-Story SMF ELF, BSE-2 CP
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Figure 3-125. NDP Assessment Results, Column Members, 16-Story SMF RSA, BSE-2 CP

Figure 3-126 and Figure 3-127 show the performance of the panel zones for the CP BPL criteria at the BSE[
2 (LS BPL for the BSE-1 is not shown). The deformation demands are significantly lower than the CP
acceptance criteria. Converting the results to total deformation / yield deformation indicates that the
demands for the BSE-2 are consistently less than 4%y, These results illustrate that the panel zones are
stronger than required by the assessment criteria—see discussion in the 4-story NDP section.
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Figure 3-127. NDP Assessment Results, Panel Zones, 16-Story SMF RSA, BSE-2 CP
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3.2.3 Seismic Assessment Discussion
The discussion in this section focuses on the following component design actions:

Beam-to-column connection flexure (e.g., RBS)

Panel zone shear

Beam and column flexure within anticipated plastic hinge zones (section strength)?
Column axial-moment interaction strength (e.g., member strength)

ASCE 41 requires all frame components that do not satisfy the acceptance criteria to be retrofitted or
replaced, even if only a small percentage of the total components fail the criteria (see ASCE 41 §5.4.2.5).
Therefore, a building can only satisfy a selected BPL when all structural components satisfy the
corresponding SPL. Building behavior is rarely governed by the response of a single component, with the
one notable exception being collapse resulting from failure of a column. It can be argued that a shortcoming
of ASCE 41 is the focus on component performance to ensure that all elements pass the evaluation, when
failures of individual elements may not lead to catastrophic failure.

Design choices, constructability considerations, code requirements, nonseismic loads, analytical modeling
assumptions, and other project specific requirements may add strength to critical components in a frame.
Further, allocation of component strengths within the frame because of the lateral force distribution adopted
in design can cause deviations of the component strengths from one story to another. Thus, capturing all
possible permutations, in essence, would create an infinitely large design space. Nonetheless, the change in
component strengths can significantly influence the DCRy values obtained from the ASCE 41 assessments.

3.2.3.1 Linear Assessment Procedures

The following discusses the analytical results for the noted components from the linear procedures for each
archetype building.

As noted previously, the LSP cannot be used to assess the E-W component of MC16. This assessment is
included for comparison purposes and the results are shown as shaded in the tables in this section.

323.1.1 Beam-to-Column Connections

Table 3-22 provides a summary of the performance of the FR beam-to-column connections (RBS) for each
linear assessment procedure and each BPL. The number listed in parentheses denotes the number of failed
components in the frame—shown as bolded text. Also shown in the table is the percentage of failed
components compared to the total number of similar components. The results indicate that the RSA-
designed frame has difficulty satisfying the acceptance criteria when using the LSP for both the LS and CP
BPL whereas only the 4-story ELF-designed frame fails the CP BPL. In contrast, the performance of both

23 Beam hinges within the RBS are included in assessment of Type FR connection (controlling mechanism).
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frames improves when using the LDP, although the 4- and 16-story RSA-designed frames fail the CP BPL
acceptance criteria by a slight margin.

Table 3-22. Performance Summary of FR Connections (BC) per Frame, Linear Procedures

Archetype Design

LS CP LS CP
Ext. BC Fail (2)
ELF All BC Pass Int. BC Fail (2) All BC Pass All BC Pass
45 17%
-Stor
Y Ext. BC Fail (4) Ext. BC Fail (4) Ext. BC Fail (2)
RSA Int. BC Pass Int. BC Fail (2) All BC Pass Int. BC Pass
17% 25% 8%
ELF All BC Pass All BC Pass All BC Pass All BC Pass
8-Stor
i Ext. BC Fail (8) Ext. BC Fail (14)
RSA Int. BC Pass Int. BC Fail (14) All BC Pass All BC Pass
17% 58%
ELF All BC Pass All BC Pass All BC Pass All BC Pass
16-Sto
v Ext. BC Fail (2) Ext. BC Fail (10) Ext. BC Fail (4)
RSA Int. BC Pass Int. BC Pass All BC Pass Int. BC Pass

2%

10%

4%

Performance failures are generally increased by reduced acceptance criteria (i.e., m-factors) attributed to
panel zones strength, connection detailing, and span-to-depth ratio, L. / dp. Section compactness
requirements in ASCE 41 match that required for design of highly ductile elements in AISC 341—except
ASCE 41 uses expected in lieu of nominal material properties. As such, section compactness generally will
not trigger a reduction in new building designs. However, continuity plates in one-sided connections
designed in accordance with AISC 341 and AISC 360 can trigger a reduction if #,y < byy/ 7 with top, > tyr/ 2,
but also #, < t. Further, AISC 358 requires that L. / d» > 7 for an RBS beam-to-column connection in an
SMF, but ASCE 41 requires a reduction in acceptance criteria when L. / d» > 10. Additionally, increasing
column sizes to offset the need for doubler plates can be problematic with regards to connection
performance (assuming adjacent beams are not similarly increased). Nonetheless, it is debatable if reduction
factors based on (cumulative) step functions are appropriate for components expected to experience
inelastic straining. Further research is needed to justify the fixed reductions to acceptance criteria for beam[
to-column connections. The commentary for ASCE 41 should reference FEMA 355D (FEMA 2000c) in
lieu of FEMA 355F (FEMA 2000d) for connection detailing recommendations.

The results for the 16-story archetype buildings indicate that drift and strength control (via stability
verification) in ASCE 7 provides a significant amount of member overstrength so that beam-to-column
connections more easily satisfy the acceptance criteria (compared to the 8-story which was primarily drift
controlled).

The easiest retrofit option for these frames is to increase the flexural strength (and hinge strength in the
beam) of the distressed connections so to offset any reductions due to panel zone strength and continuity
plates (see Rehabilitation Strategies in ASCE 41 §2.5). However, this may adversely affect the performance
of other components of the frame (e.g., columns). In terms of ASCE 41 assessment performance, using
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doubler plates in lieu of upsizing the columns and keeping the beam span-to-depth ratio less than 10 (but
greater than 7 if using linear procedures or 8 if using nonlinear procedures) may be more effective.
Additional cost-benefit analyses are needed to validate the seismic performance of an SMF with these
constraints (assuming performance metrics and analysis are reflective of realistic conditions).

3.23.1.2 Panel Zones

Table 3-23 provides a summary of the performance of the panel zones for each linear assessment procedure
and each BPL. The results indicate that the panel zones consistently satisfy the performance criteria for the
LS and CP BPL for both procedures. The DCRy values all remained low, 0.1-0.3, indicating that panel
zone design based on the probable connection strength, M,,, as well as conventional practice (e.g., increase
column sizes to offset the need for doubler plates) may tend toward producing strong panel zones under
ASCE 41. As noted above, this can adversely affect the beam-to-column connection acceptance criteria.

Table 3-23. Performance Summary of Panel Zones (PZ) per Frame, Linear Procedures

. LSP LDP
Archetype Design LS cp LS cp
4-Story ELF All PZ Pass All PZ Pass All PZ Pass All PZ Pass
RSA All PZ Pass All PZ Pass All PZ Pass All PZ Pass
8-Story ELF All PZ Pass All PZ Pass All PZ Pass All PZ Pass
RSA All PZ Pass All PZ Pass All PZ Pass All PZ Pass
16-Story ELF All PZ Pass All PZ Pass All PZ Pass All PZ Pass
RSA All PZ Pass All PZ Pass All PZ Pass All PZ Pass

Take for example a one-sided connection where a W24x76 beam frames to a W18x106 column. The ratio
of shear in the panel zone at the probable flexural strength of the connection to shear yielding of the panel
zone is conservatively 0.98 (see Equation (3-18)) and increase to 1.07 when using 0.55F, for V,. This
indicates that the panel zone may not yield until the connection approaches its peak strength, generally
associated with CP. Research (FEMA 350 (FEMA 2000a)) has suggested that a balanced yield condition
between beam hinge and adjacent panel zone can increase the inelastic deformation capacity of a
connection. This condition has been adopted in ASCE 41. Current steel design practice in accordance with
AISC 341 does not impose a balanced yield condition.

C,Zz,(1.1F,)

- 0.95d 3-18
LN )9 08 G-18)
V, 06(L1F,)dt, 605

3.23.13 Member Cross-section Strength (flexural hinge) and Global Strength (member stability)

Table 3-24 provides a summary of the performance of the column members for each linear assessment
procedure and each BPL. Hinges in beam members that are part of the beam-to-column connection are
discussed above and not addressed in this section. The number listed in parentheses denotes the number of
failed components in the frame—shown as bolded text. Also shown in the table is the percentage of failed
components compared to the total number of similar components. Recall that section strength and member
strength of a column is combined into a single P-M interaction equation for linear assessment procedures
in ASCE 41 (see ASCE 41 Equations 5-10, 5-11, and 5-12.) Consequently, identifying an efficient retrofit
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option for a column can be challenging because understanding and isolating the failure mechanism of the

column can be difficult.

Table 3-24. Performance Summary of Column Members (CM) per Frame, Linear Procedures

Archetype Design

LS CP LS CP
ELF All CM Pass All CM Pass All CM Pass All CM Pass
4-Story
RSA All CM Pass All CM Pass All CM Pass All CM Pass
Ext. CM Fail (2) Ext. CM Fail (4) Ext. CM Fail (2) Ext. CM Fail (2)
ELF Int. CM Pass Int. CM Pass Int. CM Pass Int. CM Pass
6% 13% 6% 6%
8-Story
Ext. CM Fail (8) Ext. CM Fail (8) Ext. CM Fail (2) Ext. CM Fail (8)
RSA Int. CM Pass Int. CM Pass Int. CM Pass Int. CM Pass
25% 25% 6% 25%
Ext. CM Fail (12)
ELF All CM Pass Int. CM Pass All CM Pass All CM Pass
19%
16-Story
Ext. CM Fail (4) Ext. CM Fail (20) Ext. CM Fail (6)
RSA Int. CM Pass Int. CM Pass All CM Pass Int. CM Pass

6%

31%

9%

Several columns do not satisfy the assessment criteria using the interaction equation because of high axial
force and moment in the 8-story and 16-story archetype buildings. These members are all force-controlled
for both axial force and flexure because Pyr exceeds 0.5xPc;—generally associated with weak-axis flexural
buckling. As such, Myr and Mc; are used in the interaction equation (ASCE 41 Equation 5-12).
Determination of Myr is subject to the same limitations as Pyr (see sections on assessment results). There
are columns where the force-controlled requirement does not result in a performance failure (e.g., some 160
story SMF columns). As noted previously, the force distribution used in the LSP directly contributes to the
increased column forces. However, generally speaking, the estimated axial load demands in the columns
are the least conservative approximations, as compared to more rigorous analysis procedures (see the axial
load figures, e.g., Figure 3-71). Exterior base columns in these frames consistently fail the acceptance
criteria. This result is problematic because flexure hinges are expected to develop at the base of these
columns. ASCE 41 does not provide guidance on how to assess column-to-base connections similar to
beam-to-column connections.

As discussed previously, it is of debatable validity that force-controlled response be triggered with Pyr /
Pc in lieu of Pyr / Pye, as was done in FEMA 273. The interaction equation in ASCE 41 used for the case
of out-of-plane instability and in-plane flexure is also debatable; ASCE 41 would benefit from following
AISC 360 in this regard (see AISC 360 §H1.3). ASCE 41 would also benefit from decoupling the single
interaction curve for member stability and section strength into two separate interaction equations as done
in AISC ASD Chapter N, Plastic Design (AISC 1989). Decoupling the stability and strength would provide
a clearer picture of potential retrofit schemes for frame columns. Nonetheless, some member stability
equations were derived from beam-columns test results where column ends did not translate relative to each
other. Future research is required to justify updated interaction equations for assessment of beam-columns
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with ASCE 41, as well as a critical examination of the acceptance criteria in regard to experimental test
results.

In addition to the above performance observations, the effects of additional strengthening of columns in

design should be recognized. The columns in the 4-story frames are somewhat oversized from that required

from analysis to satisfy section compactness requirements in AISC 341, and therefore, the columns

efficiently satisfy the acceptance criteria, regardless of estimation of P¢;. All the frame columns in the 4
story frames are deformation-controlled for flexure. As a side note, there is also considerably less scatter in

the axial load demands in the columns from the various approximation methods.

32314 Summary

Table 3-25 summarizes the performance of the archetype buildings in reference to the BSO for both linear
procedures. Table 3-26 provides the base shears computed with the linear assessment procedures. Column
performance (primarily at the base) from both assessment procedures controls the overall assessment of the
SMF frames. Base column failure in this analytical context is more detrimental to the overall structural
performance than beam-to-column connection performance. As noted above, additional research is needed
concerning assessment criteria for beam-to-column connections and columns. The qualitative ratings are
assigned primarily based on the performance of the column members and a few cases coupled with the
performance of the beam-to-column connections. In the end, the 4- and 16-story ELF-designed frames
satisfy the seismic performance objective only using the LDP (recall from Chapter 2 that the ELF procedure
is not permitted for design of the 16-story SMF).

Table 3-25. BSO Performance Summary of Archetype Buildings, Linear Procedures

. LSP . LDP

Archetype  Design BC oM Pz Design BC M Pz
4-Story ELF Fail Pass Pass ELF Pass Pass Pass
RSA Fail Pass Pass RSA Fail Pass Pass

8-Story ELF Pass Fail Pass ELF Pass Fail Pass
RSA Fail Fail Pass RSA Pass Fail Pass

16-Story ELF Pass Fail Pass ELF Pass Pass Pass
RSA Fail Fail Pass RSA Fail Fail Pass

The assessment results from the LSP and LDP illustrate that, on average, the ELF-designed SMF performs
better than the RSA-designed SMF for all archetype buildings. This can be attributed to the increased
strength and stiffness provided to the ELF-designed frames (see Table 2-4) by differences in the ELF and
RSA procedures, including associated scaling provisions, in ASCE 7.

The LDP consistently results in lower DCRy values than the LSP for both the ELF- and RSA-designed
frames for all archetype buildings, an indication that a more accurate distribution of seismic demands (based
on elastic modes) is better captured in taller frames. However, assessment of the RSA-designed frame
consistently illustrates inferior performance using the LSP compared to the LDP because of the variation
between the distribution of seismic demands and the allocation of component strengths within the frame.
This variation is not as substantial when assessing the ELF-designed frame with the LDP. Moreover, the
lateral force distribution in the LSP does not capture higher modes well, leading to conservative estimates
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of column forces in the taller frames. This can be problematic for beam-columns due to the lower-bound
estimate of compressive strength, Pc;.

Table 3-26. Summary of Base Shears, Linear Procedures (kips)

4-Story 8-Story 16-Story
EHL  Routine ELF RSA ELF RSA ELF RSA
LSpP 1696 1380 2176 1646 2977 2574
BSE-1 LDP 1585 1334 1974 1545 2710 2382
Ratio 0.93 0.97 0.91 0.94 0.91 0.93
LSp 2545 2070 3264 2470 4466 3862
BSE-2 LDP 2377 2000 2996 2318 4065 3573
Ratio 0.93 0.97 0.92 0.94 0.91 0.93

Analytical results based on component-level performances obtained from the LSP and LDP suggest that
special moment frames designed in accordance with ASCE 7 and its referenced standards have difficulty
achieving the selected seismic performance objective of an existing building intended to be equivalent to a
new building. This notion is driven by the performance of the columns and beam-to-column connections.
The results for the columns can be enhanced by more mechanistically consistent column provisions and
analytical modeling parameters. Although the acceptance criteria for a connection are derived from a highly
vetted testing program, enhancement to the transference of nonlinear test results to linear acceptance criteria
and the supplementary (cumulative) adjustment factors could be investigated.

3.2.3.2 Nonlinear Assessment Procedures

The following discusses the analytical results for the noted components from the nonlinear procedures for
each archetype building.

As noted previously, the NSP is permitted for the frames but requires supplemental verification using the
LDP. The following summaries for the NSP reflect results only from the NSP (see previous for the linear
verification using the LDP). For the NDP, results are mainly discussed in reference to the mean response
from the set of records except where noted otherwise.

32321 Beam-to-Column Connections

Table 3-27 provides a summary of the performance of the FR beam-to-column connections (RBS) for each
nonlinear assessment procedure and each BPL. The number listed in parentheses denotes the number of
failed components in the frame—shown as bolded text. Also shown in the table is the percentage of failed
components compared to the total number of similar components. Similar to the results from the linear
procedures, the RSA-designed frames have difficulty satisfying the acceptance criteria when using the NDP
for both the LS and CP BPL. Although the median response is biased less by a collapsed state of a given
frame than the mean response, the results are not significantly improved, except for the 16-story SMF. The
NDP consistently indicates poorer performance of the connections than that given by the NSP alone. The
ELF-designed frames consistently satisfy the performance criteria for both the LS and CP BPL for both
procedures, except for the 8-story frame under the BSE-2 EHL using the NDP, which has a special situation
described subsequently.
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The notable performance concerns of the beam-to-column connections is due to the cumulative penalty
associated with strong panel zones and connection detailing per AISC 341 (i.e., continuity plate thickness
in one-sided connections)—see LSP and LDP assessment results discussions. Further, the span-to-depth
ratio requirements change between linear and nonlinear procedures. In many cases, the span-to-depth ratio
triggered a reduction to the linear criteria but not similarly to the nonlinear criteria. Moreover, base hinges
in the exterior columns in the 8-story frames directly influenced the rapid progression toward a collapsed
state and, in turn, the poor performance of the beam-to-column connections.

Table 3-27. Performance Summary of FR Connections (BC) per Frame, Nonlinear Procedures

NSP NDP
Archetype Design (based on mean response of record set)
LS CP LS CP
ELF All BC Pass All BC Pass All Pass All Pass
4-Story
Ext. BC Fail (2) Ext. BC Fail (2) Ext. BC Fail (8)
RSA All BC Pass Int. BC Pass Int. BC Pass Int. BC Fail (16)
8% 8% 100%
Ext. BC Fail (6)
ELF All BC Pass All BC Pass All BC Pass Int BC Fail (12)
38%
8-Story
Ext. BC Fail (8) Ext. BC Fail (10)
RSA All BC Pass All BC Pass Int BC Fail (16) Int BC Fail (20)
50% 63%
ELF All BC Pass All BC Pass All BC Pass All BC Pass
16-Story
Ext. BC Fail (30)
RSA All BC Pass All BC Pass All BC Pass Int. BC Fail (56)
90%
32322 Panel Zones

Table 3-28 summarizes the performance of the panel zones for each nonlinear assessment procedure for the
CP BPL. Similar to the results from the linear procedures, panel zones consistently satisfy the performance
criteria for the LS and CP BPL for both procedures. The number listed in parentheses denotes the number
of failed components in the frame—shown as bolded text. Also shown in the table is the percentage of
failed components compared to the total number of similar components. The DCRy values all remained
small compared to unity (see LSP and LDP assessment results discussions). The panel zones consistently
do not achieve four times the yield shear strain at BSE-2 EHL—the deformation associated with the panel
zone strength given in AISC 360 §J. This strain level is associated with panel zone design given in AISC
360 §J at 2/3xMCER (taken here to be BSE-1 EHL) using M,. The third floor of the 8-story RSA-designed
SMF is the only frame that shows a potential issue with panel zones. As discussed previously, this is a
corollary of beam-to-column connection performance and base column hinging and not a panel zone
performance concern. It is not yet fully understood whether good performance of panel zones is strictly due
to increased strengths resulting from drift criteria, conservative design approaches (for the panel zones), or
industry practice of increasing column size.
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Table 3-28. Performance Summary of Panel Zones (PZ) per Frame, Nonlinear Procedures

NSP NDP
Archetype Design (based on mean response of record set)
LS CP LS CP
ELF --[] All PZ Pass -0 All PZ Pass
4-Story
RSA - All PZ Pass - All PZ Pass
ELF --1 All PZ Pass -0 All PZ Pass
8-Sto!
i Ext. PZ Pass
RSA -0 All PZ Pass - Int. PZ Fail (2)
6%
ELF --[] All PZ Pass -0 All PZ Pass
16-Story
RSA - All PZ Pass - All PZ Pass
32323 Member Cross-section Strength (flexural hinge) and Global Strength (member stability)

Table 3-29 provides a summary of the performance of the column hinges for each nonlinear assessment
procedure for the CP BPL Hinges in beam members that are part of the beam-to-column connection are
discussed above and not addressed in this section. The number listed in parentheses denotes the number of
failed components in the frame—shown as bolded text. Also shown in the table is the percentage of failed
components compared to the total number of similar components. In addition to assessment results, the
strong-column weak-beam (SCWB) philosophy prescribed in AISC 341 was verified to confirm locations
of expected hinges at the BSE-2 EHL (CP BPL).

Base column hinges at the exterior of the 8-story frames consistently fail the performance criteria. These
failures are a corollary of the modeling parameters for P-M hinges in ASCE 41 (see linear discussion).
These columns are force-controlled for flexure in the 8-story ELF-designed frame and the 16-Story RSA-
designed frame (shaded in the table) for the NSP and NDP. Still, the axial force demand, Py, is from an
individual record and is, therefore, biased by the behavior of the frame to that record. As such, it is difficult
to capture record-to-record variability on force- and deformation-controlled response directly in the analysis
for a set of ground motion records. Recall that the linear procedures also identified concerns with these
columns.

Establishing the in-plane column hinge model and performance metrics as a function of the out-of-plane
flexural buckling strength, when governs Pc;, can be problematic for wide-flange columns. More so, when
the gravity load alone produces an axial force greater than 0.2xP¢;, which is the case in the exterior base
columns in the 8-story frames (see calculations below). These column base hinges reach the CP deformation
limit prior to the adjacent beam-to-column connections. The maximum axial force from the NDP in this
column (and hinge component) is 992 kips, which provides an axial load ratio, P/ Pc;, of 0.6 (which would
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require force-controlled action). The axial load ratio based on the section axial strength using expected
material properties, P / Py, is 0.35 (which would require deformation-controlled action). Consequently,
modeling the section flexural strength of a column hinge using the section axial strength of that section
would not result in a force-controlled condition. This was the approach taken in FEMA 273, the predecessor
of ASCE 41. Further, it is theoretically inconsistent to model the component strengths within the same
column as a function of both P,. and Pc;. As is evident in the 8-story frame response, base column failures
can initiate a rapid progression towards a collapsed state, analytically speaking.

W18x175 (8-Story ELF-designed SMF Exterior Base Column):
Pgraviny = Dead + Superimposed Dead + 0.25xUnreduced Live Floor = 457 kips
Pcr = P, = 1639 kips (1724 kips using F.)
P, =2822 kips
Poraviey ! P =0.28 > 0.2 (Pgraviey / Pcre = 0.27)
Poraviey | Pye=0.16

Table 3-29. Performance Summary of Column Hinges (CH) per Frame, Nonlinear Procedures

NSP NDP
Archetype Design (based on mean response of record set)
LS CP LS CP
All CH Pass - All CH Pass
ELF - SCWB ok - SCWB ok
4-Story
All CH Pass All CH Pass
RSA = SCWB ok -~ SCWB ok
Ext. CH Fail (2) Ext. CH Fail (4)
Int. CH Pass Int. CH Pass
ELF --[] 39 - 6%
SCWB ok SCWB Not ok
8-Story
Ext. CH Fail (2) Ext. CH Fail (4)
Int. CH Pass Int. CH Pass
RSA - 3% 6%
SCWB ok SCWB Not ok
All CH Pass . All CH Pass
ELF - SCWB ok - SCWB ok
16-Story
Ext. CH Fail (22)
All CH Pass Int. CH Fail (12)
RSA - SCWB ok 27%

SCWB ok

Table 3-30 summarizes the performance of the column member strength for each nonlinear assessment
procedure for the CP BPL. ASCE 41 does not provide guidance on checking column member stability when
using the nonlinear procedures unless the column is designated as force-controlled. It is mechanistically
inconsistent to adjust material properties between section strength and member stability for a given column
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(i.e., hinge uses Py. and member uses Pc;). Except for the 8-story ELF- and RSA—designed frames, which
indicate column hinges form in the upper stories using the NDP, analytical results of the member stability
interaction curves indicate that column members satisfy the performance criteria. Nonetheless, the in-plane
stability of a column with plastic hinges from in-plane flexure is highly complex and is a topic that is not
well understood in the literature or implicitly or explicitly addressed in ASCE 41 for the nonlinear
procedures. Experimental testing on deep wide-flanged steel beam-columns has illustrated that the weak-
axis buckling strength of a wide-flange is not affected by plastic hinges from in-plane flexure.

Table 3-30. Performance Summary of Column Members (CM) per Frame, Nonlinear Procedures

NSP NDP
Archetype Design (based on mean response of record set)
LS CP LS CP

ELF --0 All CM Pass --0 All CM Pass

4-Story
RSA -0 All CM Pass -0 All CM Pass
ELF -0 All CM Pass -0 All CM Pass

8-Story
RSA -0 All CM Pass -0 All CM Pass
ELF -0 All CM Pass - All CM Pass

16-Story
RSA -0 All CM Pass -0 All CM Pass

32324 Summary

Table 3-31 summarizes the performance of the archetype buildings in reference to the BSO for both
nonlinear procedures. Column hinge performance, primarily in the base columns, from both assessment
procedures controls the overall assessment of the frames. Base column failure is more detrimental to the
overall structural performance than beam-to-column connection performance. As noted above, additional
research is needed on assessment criteria for beam-to-column connections and columns. In the end, only
the 4- and 16-story ELF-designed frames satisfy the seismic performance objective using either nonlinear
procedure (recall from Chapter 2 that the ELF procedure is not permitted for design of the 16-story SMF).
The shaded area in the table indicates which frames do not satisfy the NSP criteria due to supplemental
verification using the LDP (see linear discussion above). The qualitative ratings are assigned primarily
based on the performance of the column members and, for a few cases, the performance of the columns
coupled with the performance of the beam-to-column connections.

Table 3-31. BSO Performance Summary of Archetype Buildings, Nonlinear Procedures

. NSP . NDP
Archetype  Design Design  (based on mean response of record set)
BC CH PZ BC CH PZ
4-Story ELF Pass Pass Pass ELF Pass Pass Pass
RSA Fail Pass Pass RSA Fail Pass Pass
8-Story ELF Pass Fail Pass ELF Fail Fail Pass
RSA Pass Fail Pass RSA Fail Fail Fail
16-Story ELF Pass Pass Pass ELF Pass Pass Pass
RSA Pass Pass Pass RSA Fail Fail Pass

The assessment results from the NSP and NDP illustrate that on average the ELF-designed SMF performs
better than the RSA-designed SMF for all archetype buildings. This can be attributed to the increased
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strength and stiffness provided to the ELF-designed frames (see Table 2-4 and Table 2-5) by differences in
the ELF and RSA procedures, including associated scaling provisions, in ASCE 7.

The NSP (without supplemental verification) consistently results in lower DCRy values than the NDP for
both the ELF- and RSA-designed frames for all archetype buildings, an indication that a more accurate
distribution of seismic demands is not well captured in taller frames using the NSP (LDP results are
consistently greater than NSP, albeit a direct comparison is problematic as discussed previously). Nonlinear
results indicate that the NSP has a tendency to underestimate the demands in the upper stories. This occurs
primarily because of the differences in the distribution of seismic demands and the lack of modal
representation other than the fundamental mode in the NSP. This effect was also noticed in NIST GCR 10
917-9: Applicability of Nonlinear Multi-Degree-of-Freedom Modeling for Design (NIST 2010c).

The results from the NDP are sensitive to excitation input, analysis parameters, and component modeling.
In this study, generalized component models were incorporated with degradation effects calibrated to an
experimental test. Future research should critically examine the applicability of the generalized modeling
parameters for steel components in ASCE 41. Experimental research has shown that subassembly tests can
have large scatter in acceptable performance given the stochastic variations in the type of loading, that being
cyclical, near-fault, random, etc. (e.g., SAC project). Future research should investigate the influence of the
loading protocol adopted to establish the deterministic acceptance criteria for connections and member
hinges.

Analytical results based on component-level performances obtained from the NSP and NDP suggest that
special moment frames designed in accordance with ASCE 7 and its referenced standards have difficulty
achieving the selected seismic performance objective of an existing building intended to be equivalent to a
new building. This notion is driven by the performance of the columns and beam-to-column connections.
The results for the columns can be enhanced by more mechanistically consistent column provisions and
analytical modeling parameters. Although the acceptance criteria for a connection are derived from a highly
vetted testing program, enhancement to the (cumulative) adjustment factors to the criteria could be
investigated.

3.2.3.3 Comparison between Linear and Nonlinear Assessment Results

Table 3-32 summarizes the performance of the archetype buildings for each analysis procedure. The results
indicate that the linear procedures consistently provide DCRy values greater than that given by the nonlinear
procedures, highlighting the conservatism in the linear assessment procedures. As discussed previously,
direct comparison of results between linear and nonlinear procedures can be problematic, except for direct
comparison of the distribution of results. Still, on average, the LSP and LDP are capable of identifying
potential performance concerns within critical areas of the frame as compared to the results from the NSP
and NDP. Consistency is evident in the global performance rating of the 8-story SMF as well as frames
designed per the MRSA procedure among the various assessment procedures. However, not all component
performance failures align between the procedures. The conservatism of the linear procedures is also
apparent, as expected.
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The nonlinear procedures provide a more rigorous assessment approach as compared to the linear
procedures. The results from the LSP, and to a lesser extent the LDP, indicate more performance failures
in components than identified using the nonlinear procedures. The results presented emphasize the inherent
conservatism in the linear procedures. However, this conservatism is coupled with a reduction in required
resources and analytical proficiency. Certainly for the NDP, the effects of ground motion selection and
scaling can be significant, including the number of records adopted to achieve a reasonable level of
statistical confidence and the method by which the records were chosen with a bias to achieve an unfairly
beneficial binary outcome. Moreover, some of the higher mode periods fall directly in localized high energy
regions of the response spectrum resulting in increased demands that cannot be captured efficiently in a
linear analysis using a smooth generalized spectrum. Furthermore for the NSP, the force distribution is
potentially inadequate for frames that exhibit increased higher mode participation, either elastically or
triggered by nonlinearity.

Table 3-32. BSO Performance Summary of Archetype Buildings

NDP
(based on mean

Archetype Design LSp LDP NSP response of
record set)
4-Story ELF Fail Pass Pass Pass
RSA Fail Fail Fail Fail
8-Story ELF Fail Fail Fail Fail
RSA Fail Fail Fail Fail
16-Story ELF Fail Pass Pass Pass
RSA Fail Fail Fail Fail

In contrast to the nonlinear procedures, the linear analysis model and assessment is implied to be less
rigorous and more conservative. As already discussed, the linear procedures yielded more conservative
results for the deformation-controlled components. The linear procedures can also illustrate the trend in
demands but may fail to highlight critical performance zones within a given frame.

The columns that failed the linear criteria are typically force-controlled because of high axial loads, a result
of using Pyr/ Pcr in lieu of Pyr/ Py. to model flexural hinge strength and trigger force-controlled response.
In comparison to the results from the NDP, the linear procedures produced conservative estimates of poor
performance. On average, the linear procedures slightly overestimate the axial force demand in the exterior
columns. Although there is general agreement between the procedures on which members may pose a risk,
the results from the NDP illustrate that the column hinges can satisfy the performance criteria if the hinges
were not force-controlled using Pc;, which is generally governed by out-of-plane flexural buckling.
Enhancements to the assessment of beam-columns could consider using a dual assessment criterion that
evaluates stability and flexural hinging separately (as is done for the NDP in this study).

3-128



Chapter 4 Summary, Conclusions, and
Recommendations

This report presents the results of a study investigating the correlation between the seismic performance of
an ASCE 7 code-compliant building and its performance as quantified using ASCE 41 analysis procedures
and structural performance metrics. This investigation is performed by evaluating a suite of structural steel
buildings in a high seismicity region that are designed using ASCE 7 and evaluated using ASCE 41. The
basic question is whether the standards for designing new steel buildings and assessing existing steel
buildings provide consistent levels of performance. An additional outcome of this research is to advance
the state-of-knowledge in PBSD and assessment of buildings using ASCE 41. Further, results provide the
technical background for provisions that target equivalent seismic performance between a new building and
an existing building that is required to meet the seismic performance objective of a new building.

This chapter highlights significant observations and conclusions from the seismic assessment of the
archetype buildings using four assessment procedures prescribed in ASCE 41. General findings and
recommendations are based on the collective results for the seismic force-resisting system. More in-depth
findings specific to the system are in the relevant subsections in this chapter, as well as in relevant sections
of the assessment discussion in Chapter 3. Although the primary emphasis of this study is on benchmarking
ASCE 41 assessment procedures, questions arise that may be more applicable to the design criteria used
rather than to the assessment results—these items are identified in the section about future research.

4.1 Summary of Project Work

This report presents the results of the structural seismic performance assessment using ASCE 41 procedures
and performance measures of buildings utilizing steel special moment frames (SMF) as the lateral force-
resisting system (LFRS).

A suite of archetype buildings that incorporate SMFs along one principal direction of the buildings is
designed in accordance with ASCE 7. The suite consists of 4-, 8-, and 16-story buildings designed using
both the Equivalent Lateral Force Procedure and Modal Response Spectrum Analysis. Both analysis
procedures are used to provide a generally applicable range of LFRS strength within the selected seismic
intensity region. As such, a LFRS may include significant overstrength to resist nonseismic loads or satisfy
other design criteria. A design space of varied building parameters is used to investigate the effects of
building height, design methodology, and other LFRS-specific geometric modifications on seismic
performance. In reality, the design space is infinitely large and many design choices made in this study can
also have different configurations to evaluate the variation in performance specific to a design choice (e.g.,
study of a range of doubler plate thicknesses in an SMF and their influence on frame column performance).

The seismic performance assessment of the building suite is conducted using both linear and nonlinear
analysis procedures prescribed in ASCE 41:
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e Linear Static Procedure (LSP)

e Linear Dynamic Procedure (Response Spectrum) (LDP)
e Nonlinear Static Procedure (NSP)

e Nonlinear Dynamic Procedure (NDP)

For this study, the performance assessment targets the Basic Safety Objective (BSO) prescribed in ASCE
41 with the interrelated goals of Life Safety (LS) Building Performance Level (BPL) at the Basic Safety
Earthquake-1 (BSE-1) earthquake hazard level (EHL) and Collapse Prevention (CP) BPL at the BSE-2
EHL. This performance objective is chosen to align with the intended structural performance objective of
an ordinary building in ASCE 7, which is qualitatively defined here as “life safety” provided by collapse
prevention of the building, given a maximum considered earthquake (MCE) event.

To evaluate seismic assessment criteria, each component of the SMFs is designated as a primary component
in accordance with ASCE 41. Similarly, quantitative performance measures (i.e., acceptance criteria) for
primary components are used for all assessment procedures, although performance measures for secondary
components are permitted for some primary components. The consistent use of primary acceptance criteria
keeps all components and associated assessment results correlated among the assessment procedures for
this study.

As stated earlier, the goals of this research are as follows:

e Assess new structural steel buildings utilizing SMFs designed per ASCE 7 requirements and, in
turn, evaluated using ASCE 41,

e Develop a qualitative link between the performance implied in ASCE 7 in light of the performance
identified by ASCE 41 procedures and performance measures,

e Provide guidance or technical support for improved or new provisions in ASCE 41 (and to a lesser
extent, ASCE 7),

e Reduce uncertainty in first-generation PBSD procedures for performance-based seismic
assessment, and

o Identify any inconsistencies, ambiguities, and confusing provisions in ASCE 41

In reference to developing a link between ASCE 7 and ASCE 41, the primary difficulty in equating the two
standards is rooted in their disjointed performance objectives. That is, acceptance criteria for a component
in ASCE 41 are not directly calibrated to the seismic performance objective of ASCE 7, which is a 10
percent probability of partial or total collapse given an MCE event—that is MCEr (or one percent
probability of partial or total collapse in 50 years). Equating the two objectives of the standards would imply
that only one structural performance level with an associated earthquake hazard level can be coupled: that
being, CP at the MCEg. However, this would be difficult based on a member-level binary performance
solution. Consequently, the question becomes what percentage of components needs to fail the associated
CP SPL to achieve a 10 percent probability of total or partial collapse given an MCER event? Future research
should assess the archetype buildings in FEMA P695 analysis to ascertain the collapse probability in
relation to the ASCE 7 performance objective. Results from that study can be used to probabilistically relate
the R-factor in ASCE 7 to the m-factors and inelastic deformations using story drift. Clearly, the study
presented in this report presumes that the R-factor used for design has been derived to provide the intended
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collapse performance objective. As such, the analysis results do not necessarily reflect satisfactory or
unsatisfactory performance in relation to the seismic performance objective of ASCE 7.

A consequence of a deterministic-type component evaluation (i.e., pass or fail) is that analytical results,
depending on the accuracy of the model and analysis algorithms, can be independent of the behavior of the
system. Individual member performance and the potential need to retrofit or replace it are therefore based
on an analysis output rather than the influence of the component performance on the system performance.
This is a challenging issue to overcome, and only recently has there been some progress made (e.g., FEMA
P695 and FEMA P-58 (FEMA 2012)) toward having the ability to probabilistically correlate member
performance to system performance. However, these efforts are not without their limitations and debatable
performance metrics. It is still yet to be determined whether practitioners will accept these developing
methods because of the time and resources needed to successfully apply their recommendations. However,
ASCE 41 is available and being used for performance-based seismic engineering of building systems and
components. In many cases, the acceptance criteria in ASCE 41 are being used to justify computed seismic
performance to buildings officials as being satisfactory. The question is what seismic performance is being
justified: the objective defined in ASCE 41 or that intended in ASCE 77 If satisfying ASCE 7, then this
would infer that the CP SPL associated with the MCER (taken as the BSE-2) defined in ASCE 41 matches
the intended collapse performance of ASCE 7. A significant effort is still needed to bring ASCE 41 to the
state-of-the-art and equivalent to ASCE 7. In this regard, assessment provisions are meaningless without
the technical support provided by experimental research and subsequent case studies that evaluate how the
research findings affect component and system performance.

4.2 Assumptions and Limitations of this Study

The following discussion summarizes notable assumptions employed in this study and other limitations of
the work that could impact the results, which form the basis for the conclusions and observations.

Building System and Component Characteristics for Design and Assessment

o The archetype buildings are representative of a specific type of building, which uses a seismically
designed system to resist lateral loads and deformations. The selected system in this study
represents one design option out of the many available for steel framed buildings. In designing the
SFRS, there are many specific design assumptions made that play an important role in resisting
lateral loads and deformations. Different selections for frame configuration, plan layout, bay
spacing, height, connection details, and magnitude of non-seismic loads all could affect the
assessment results.

e The buildings are regular in layout and configuration as defined in both ASCE 7 and ASCE 41.
Irregular building configurations can affect seismic performance and are not addressed in this
study, as they could complicate the comparisons that are being made.

e The archetype buildings are simple in concept and do not contain stairwells, elevator cores,
architectural setbacks, atriums or other features found in typical buildings. The goal here is to study
the basic performance of the SFRS in resisting lateral loads and deformations without the
complexity posed by other attributes found in buildings today.
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e Strength and stiffness of specific secondary components, as defined in ASCE 41, were not fully
represented in the mathematical model for linear and nonlinear analyses (e.g., shear tab connection
for gravity framing, facade, stairs, etc.). This assumption, while reasonable from an analysis
standpoint, highlights a difference in requirements between ASCE 7 provisions for design and
ASCE 41 provisions for assessment (ASCE 7 §12.7 and ASCE 41 §3.2.2).

o Composite action developed between primary and secondary structural components and the portion
of slab they support was not included in the mathematical model for seismic design or assessment.
This approach is consistent with that used by many practitioners and provides presumably
conservative results because floor slabs are not active in providing composite action and added
moment capacity. Composite action was included for the moment frame beams for verifying elastic
story drifts under service-level wind loading.

e The column-to-base connections of the SFRS and the seismic base of the buildings were assumed
to be horizontally, vertically, and rotationally restrained, resulting in a “fixed” connection to the
ground. The base of non-SFRS columns were rotationally unrestrained. Soil-structure interaction
effects, modeling the flexibility of the soil and / or the foundation components, and modelling
partially-restrained column-to-base connections were not included in this study. Inclusion of these
effects would likely affect the assessment results. However, inclusion of the effects of the soil-
foundation flexibility into the analysis is complex and not well established at the present time.
Moreover, current design practice commonly does not include soil-foundation effects; column-to[]
base connections to the building foundations are often idealized models, as is done in this study.

e No formal investigation was included in this study to evaluate the accuracy of the quantitative
modeling parameters for nonlinear analysis or acceptance criteria for linear and nonlinear analysis
provided in ASCE 41 for primary or secondary component models. There is a project currently
ongoing with ATC (ATC-114: Development of Accurate Models and Efficient Simulation
Capabilities for Collapse Analysis to Support Implementation of Performance Based Seismic
Engineering) that will examine the component modelling parameters and acceptance criteria for
specific components.

Structural Analysis

e No formal investigation was included in this study to evaluate the accuracy of the analysis
algorithms in the software packages used for structural analysis. These software packages are the
same as those used by practitioners. The stability of solution algorithms when the stiffness and
strength of the component models have significantly degraded can vary between software packages.
Therefore, any software accuracy limitations encountered in this study are consistent with those
present in design offices.

e The methodology used in this study for ground motion selection and scaling resulted in a set of
earthquake records that may not be applicable or suitable for a specific site. A different record set—
selected by engineering judgment, selected by revising the parameters of the methodology, or
developed from an alternative methodology—could affect the assessment results. However, the
process employed here is consistent with that used in practice, representing a typical building site
in an area with a high level of seismicity.



No formal investigation was included in this study to evaluate all potential sources of uncertainty or error,
or whether multiple sources of error are correlated. The question of uncertainties in the analytical models,
solution algorithms, material properties and even potential as-built final dimensions and positions of
members are all beyond the scope of this study. The load and resistance factor design (LRFD) philosophy
in use for structural design today are based on pioneering work on uncertainties in material and load
characterizations performed starting in the 1950’s. Whether a new similar large national effort to that
conducted for LRFD is required today is not clear. Quantifying the effect of any source of uncertainty or
error, as it relates to the design or assessment of buildings to resist earthquake motions, is a significant issue
and would require its own research program to study all of the aspects.

4.3 Conclusions and Observations

This section highlights significant observations and conclusions from the seismic assessment of the
archetype buildings. Topics are categorized as general or system specific. Additionally, more in-depth
discussions of the observations and conclusions specific to the SFRS are in the relevant subsections in this
chapter as well as in relevant summary sections of the assessment discussion.

4.3.1 ASCE 41

The following observations and conclusions can be drawn from this study. Topics are grouped by either
general applicability to ASCE 41 assessment procedures or specific to the structural system.

4.3.1.1 General

The following general topics focus on observations identified by the assessment provisions for the selected
assessment methods:

e The LSP generally results in more conservative normalized demand to capacity ratios, DCRy,
values than that of the LDP, because of the differences in the distribution of seismic demands and
the lack of modal representation other than the fundamental mode in the LSP.

e The NSP generally results in less conservative DCRy values than that of the NDP, contrary to what
would be expected with increasing the analytical complexity, because of the differences in the
distribution of seismic demands and the lack of modal representation other than the fundamental
mode in the NSP.

e The nonlinear procedures provide a more rigorous assessment approach as compared to the linear
procedures. The results from the LSP, and to a lesser extent the LDP, indicate more performance
failures in components than identified using the nonlinear procedures. The results presented
emphasize the inherent conservatism in the linear procedures. However, this conservatism is
accompanied by a reduction in required analytical resources and proficiency of the analyst.

o The linear procedures can illustrate the trend in demands but may fail to highlight critical
performance zones within a given frame.
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4.3.1.2 Special Moment Frames

The following significant observations and conclusions are based on the collective results obtained from
the assessment of the special moment frames. More details about the specific items are in the relevant
sections of the assessment discussion in Chapter 3.

e Analytical results based on component-level performances indicate that new SMFs designed in
accordance with ASCE 7, and its referenced standards, have difficulty achieving the ASCE 41 BSO
for an existing building intended to be equivalent to a new building. This observation is driven by
the performance of the columns and beam-to-column connections.

o Assuming the archetype buildings meet the collapse performance objective of ASCE 7, the results
of the assessment procedures indicate that ASCE 41 is generally conservative for SMFs. ASCE 41
analysis would require retrofit or replacement of specific components of a code-compliant SFRS
to satisfy the CP BPL given an MCE event. The results highlight that columns (i.e., beam-columns)
with high axial and flexural demands and beam-to-column connections with a reduced beam section
(RBS) have difficulty in satisfying the performance criteria in ASCE 41. Future research is needed
to couple the collapse performance objectives of the two standards, as well as other performance
objectives associated with a seismic hazard with a lower return period.

e A significant number of columns, primarily at the exterior of the frames, did not satisfy the ASCE
41 acceptance criteria. These failures are in beam-columns classified by analysis as “forcel’
controlled”, which can be particularly problematic when the columns are located at the base of a
frame. The results for columns can be enhanced by more mechanistically consistent assessment
provisions and analytical modeling parameters for columns. Refinement of the relevant interaction
equations to evaluate specific failure mechanisms could assist by allowing what would be a force-
controlled column to be classified as “deformation-controlled”.

e A significant number of RBS beam-to-column connections, primarily at the exteriors of the frames,
did not satisfy the ASCE 41 acceptance criteria for the LSP and NDP. Although the nonlinear
acceptance criteria and detailing recommendations in ASCE 41 were derived from experimental
test data, the rationale for the quantitative development of the cumulative reduction factors on these
criteria (i.e., 0.8 multipliers in ASCE 41 §5.4.2.4.3-4) is unclear. The analytical results indicate that
step function-based cumulative reduction factors can have a significant impact on the performance
of an SMF. Further, reduction factors for the span-to-depth ratio limitations for beam-to-column
connections have potentially opposing effects that could impact the results between linear and
nonlinear assessment procedures.

e Assessment results illustrate that panel zones designed per ASCE 7 and its referenced standards,
including the common practice of upsizing columns to offset the need for doubler plates and/or
continuity plates, consistently satisfied the ASCE 41 acceptance criteria by a large margin.
Consequently, the panel zones are deemed stronger than required by ASCE 41. Specifically,
upsizing columns can impact the strength of panel zones in reference to the balance yield approach
adopted by ASCE 41 and in turn can influence the performance of the beam-to-column connections.

e Components of the special moment frames that do not satisfy the CP acceptance criteria would
need to be strengthened to achieve the performance required by ASCE 41. However, the results
from the various assessment procedures were seen to be inconsistent in some cases for a given
design routine (i.e., LSP vs. NDP) or the same assessment procedure was inconsistent between
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design routines (i.e., ELF and RSA). This makes it difficult to definitively suggest that using ASCE
41 to design a new SMF would produce a system capable of achieving the seismic performance
objective of ASCE 7. Future research is needed to evaluate the collapse probability of a new system
strengthened by ASCE 41 relative to the seismic performance objective of ASCE 7. The same is
required for a new system that has component strengths reduced from that required by ASCE 7 to
meet an ASCE 41 performance objective. Further, the adequacy of the components of the enhanced
frame (those required to satisfy ASCE 41) would be dependent upon which analysis procedure is
used to iterate between design and assessment, and therefore the fidelity of the analytical model
and analysis parameters.

Results of this study indicate that for ASCE 41 to be used as a seismic design procedure for new
steel buildings, as a performance-based alternative to ASCE 7 (see ASCE 7 §1.3.1.3), acceptance
criteria for the various analysis methods must be calibrated to each other to consistently result in a
uniform collapse risk. Additionally, ASCE 41 would need to reference material-specific design
standards (e.g., AISC 341) for their seismic design requirements, as well as consistent requirements
for defining acceptance criteria for a component (e.g., plastic rotation).

Recommendations for Future Research

The following sections identify items for future research. The recommendations are grouped by the
applicable standard: ASCE 41, ASCE 7, and AISC 341 /360 /358.

4.41 ASCE 41

4.4.1.1 General

The following items are general considerations for future studies to enhance ASCE 41 assessment
provisions:

The archetype buildings should be analyzed using the methodology formulated in FEMA P695.
This will provide the requisite data to identify the collapse probability of the systems (or frames)
in relation to the intended collapse objective of ASCE 7. However, the same seismic performance
factors as used in design should be used in the analysis. Results from this study can be used to
probabilistically relate the R-factor in ASCE 7 to m-factors and inelastic deformations using story
drift.

Research should investigate the implementation of risk-targeted collapse assessment criteria into
ASCE 41 similar to the design philosophy introduced in ASCE 7-10. As such, comparison of
system fragility curves should be done to correlate the risk-target of ASCE 7 and the risk-target of
an existing building intended to be equivalent to a new building.

Research should evaluate the influence of gravity framing (e.g., partially restrained shear tab
connections) on assessment results of the primary components of the SFRS.

Research should investigate alternative lateral force distributions for taller systems for the NSP,
including comparison between adaptive and non-adaptive loading.
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e Research should be conducted to determine the number of components that do not need to satisfy
the ASCE 41 component acceptance criteria while still permit the building to be classified as
meeting a performance objective.

e Research should evaluate the systems used in this study by measuring demands against acceptance
criteria for secondary components to quantify variations in performance results; for example, the
RBS beam-to-column connections in the MCS8 buildings. Even if secondary component criteria
were implemented, the DCRy values still indicate unsatisfactory performance in the lower floors.
The primary acceptance criteria for the nonlinear procedures has been removed in ASCE 41-13.
Based on some trends seen in this study, this should be done only if the acceptance criteria for
linear and nonlinear procedures have been correlated and calibrated.

e Enhanced commentary is needed in ASCE 41, similar to the effort used to develop FEMA 274.
Commentary can be used to explain differences in component strengths between ASCE 41 and
ASCE 7 and its reference standards (e.g., AISC 341 and AISC 360). This effort would include
cleaning up incorrect references (e.g., AISC 341 or AISC 360, FEMA 355F or FEMA 355D).
Similarly, the commentary can detail the experimental tests used to derive the acceptance criteria.

e Consideration should be given to reorganize Chapter 5 (Chapter 9 in ASCE 41-13) to remove
system-to-system references, most notably when they are not applicable. For example, a force-
controlled column in an EBF cannot reference provisions for a column in a moment frame. This
chapter would benefit with an outline similar to AISC 341, where the section on member strength
is outlined similar to AISC 360. Therefore, the individual systems would reference a member
strength in lieu of another system that may or may not be applicable.

4.4.1.2 Fully Restrained Moment Frames

The following items are considerations for future studies to enhance ASCE 41 assessment provisions for
FR moment frames:

e Case studies should examine the seismic performance and cost of SMFs with lighter column sizes
that include doubler plates. This cost-benefit analysis will shed light on relating construction costs
to seismic performance and post-earthquake repair costs for various regions of the country.

e Research should investigate the assessment of panel zones in relation to the design methodology
using AISC 341, as well as a critical examination of the acceptance criteria in regard to
experimental test results. This research can be linked with the above study on the use of double
plates and lighter columns.

e (ase studies should investigate the frame design using the Direct Analysis Method in AISC 360
and the associated seismic assessment results. Some aspects of the Direct Analysis Method have
been introduced in ASCE 41-13.

e Research is needed to develop acceptance criteria and modeling parameters for column-to-base
connections, including embedded connections.

e Research is required to justify updated interaction equations for assessment of beam-columns using
ASCE 41, as well as a critical examination of the acceptance criteria in regard to experimental test
results. Decoupling interaction equations into specific failure mechanisms and referencing highly
vetted design standards should be considered. Removing Pc; as the basis for force-controlled
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4.4.2

response and acceptance criteria for a column hinges (i.e., revert back to FEMA 273) and using Pcr
when F. is used to assess a flexure hinge in the same column should be considered.

Research should critically examine the applicability of the generalized modeling parameters in
ASCE 41 for plastic hinges in beams, beam-to-column connections, and columns for use in the
nonlinear procedures.

Research should investigate the influence of the loading protocol adopted to establish the
deterministic acceptance criteria for connections and member hinges.

Research is needed to justify the fixed reductions (i.e., 0.8 factor) to acceptance criteria of FR beam[]
to-column connections based on connection detailing.

Research should investigate the correlation between acceptance criteria for the linear and nonlinear
procedures.

ASCE 7

The following items are considerations for future studies to enhance ASCE 7 provisions:

443

The assessment results illustrate that on average the ELF-designed frames perform better than the
RSA-designed frames for all archetype buildings. However, the ELF procedure is not permitted in
some cases. Research should investigate the applicability of the analysis limitations in terms of the
intended collapse objective of ASCE 7.

Research should investigate the lateral design force distributions in ASCE 7 and modal scaling
provisions, and their influence on the allocation of component strengths within a frame. Research
has indicated that higher modal base shear scaling may be warranted (NIST 2010b and NIST 2012).
Potential modifications to the MRSA procedure could also include scaling provisions to
additionally account for higher mode effects resulting from nonlinear response. Provisions can be
directly transferred to the linear procedures in ASCE 41.

Research efforts should evaluate incorporating other performance levels for design into ASCE 7
(NIST 2012).

AISC 341/ 360/ 358

4.4.3.1 Special Moment Frames

The following items are considerations for future studies to enhance AISC 341 provisions of special

moment frames:

In general, the SCWB provision in AISC 341 adequately limits column hinges (other than at the
column-to-base connection) at the MCEr. However, assessment results suggest that this provision
may need adjustment for taller frames with increased participation of higher modes. Strictly
speaking, assessment results depend on the design methodology adopted for the beam-columns
(i.e., adjusted K factor that is dependent on the deformed shape of the column at buckling,
computation of the nominal flexural capacity of the column, and interaction formula). Furthermore,
column hinges above the base may have been produced by other phenomenon and thus column
hinging is a supplementary indicator of frame collapse. Similarly, the yield surface model for the
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section flexural strength of a wide-flange column adopted in the nonlinear analysis (as well as that
prescribed in ASCE 41) is slightly different than that prescribed for the SCWB provision, which is
a conservative yield surface to cover many different column types. Efforts could couple the two
standards in terms of yield surfaces used to define the section flexural strength of a column.
Analysis results indicate that the axial force demand prescribed in the SCBW provision (i.e., using
Q,) is a reasonably conservative approximation compared to a full yield mechanism and results
from the NDP. The conservatism increases as the aspect ratio of the frame increases. Research
should investigate the applicability of a full yield mechanism for design.

Design of the frame columns was based on two interaction equations in accordance with AISC 360
§H1.3 using the Effective Length Method. On average, this method provided acceptable minimum
sizes for column strength. In the upper stories of taller frames where drift control was not as
significant, a few (slender) column sizes were governed by out-of-plane stability (AISC 360
Equation H1-2) and also SCWB (i.e., M, < M,.). However, research is needed to examine the
effects of the Lateral-Torsional Buckling Modification Factor, Cp, including the influence of axial
load and pre-curvature on C, when computing the buckling strength of SMF columns. Similarly,
research should investigate the influence of a plastic hinge on deep wide-flange column stability—
see NIST GCR 11-917-13: Research Plan for the Study of Seismic Behavior and Design of Deep,
Slender Wide-Flange Structural Steel Beam-Column Members (NIST 2011c).
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Appendix A Ground Motions for Response History
Analysis

A.1 Ground Motion Record Set

The far-field record set (22 records, each with two horizontal components) from FEMA P695 (FEMA
2009a) is selected as the input motion database for the NDP; 14 of the 44 horizontal component records are
selected as the ground motion set for each archetype building, with no two records coming from the same

station. The records are normalized for magnitude, distance, and source conditions as discussed in FEMA
P695.

The scaled record set (see Ground Motion Selection and Scaling section below) for each archetype building
is taken directly as the Basic Safety Earthquake-2 (BSE-2) earthquake hazard level (EHL). Although this
EHL is not strictly the same as having a two percent probability of exceedance in 50 years, it is comparable,
and anticipated future changes in ASCE 41-13 will likely match the seismic hazard defined in ASCE 7-10
(see Chapter 3). The scaled record set is factored by two-thirds to represent the BSE-1 EHL in lieu of
explicitly determining the ground motion parameters with a ten percent probability of exceedance in 50
years. No spectral shape modifier, &, is used to adjust the seismic demands for either BSEs (FEMA 2009a;
Haselton et al. 2009), this is a topic of needed research.

As a side note, the goal initially was to analyze the archetype buildings using seven scaled pairs of ground
motion records along each principal axis of the structure (14 records in each direction). However, because
of complications in scaling orthogonal pairs for the maximum direction of response when a structure has
significantly different periods along the principal axes, it was decided to analyze 14 unique records
independently along each principal axis—see above. This is permitted by ASCE 41 since requirements for
considering multidirectional seismic effects are not triggered in this study—see ASCE 41 §3.2.7. Further,
there is no guidance regarding the application of scaled ground motion pairs for the maximum direction of
response when a structure has significantly different periods along the principal axes. Future research is
needed to provide provisions on scaling and application of ground motion pairs.

A.2 Ground Motion Selection and Scaling

The ground motion selection and scaling procedure for each archetype building is described below. This
procedure was developed in consultation with select members of the peer review team. Each set of records
(14 total) is used for both the equivalent lateral force (ELF) and response spectrum analysis (RSA) designs
to gauge performance between the two. The process is as follows:

1. Determine the fundamental laferal mode period, Ti, of the building in the direction being
considered not including gravity load effects (i.e., first-order period) for both the ELF and RSA
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designs. Second-order periods may also be computed with expected point-in-time gravity loads
rather than factored loads. Determine the average (arithmetic mean) of the periods for the ELF and
RSA designs, T .ay,. This will keep the scaling of the two designs consistent.

2. For each of the 44 far-field component records (not the records computed from the square root of
the sum of the squares (SRSS) of the two horizontal components of an event), compute the error
between S, from the recorded spectrum and S, from the maximum considered earthquake (MCERr)
design spectrum at each period between 0.2 X7 4 and 1.5 % T 4. The period step used here is 0.01
second. The error at each period ranges from 0 to 1, with 0 being an identical match.

3. Sum the error values over the periods between 0.2 X7 4, and 1.5 xT 4, to get a single composite
error value for each record.

4. Scale each record to minimize the total error from step 3.

5. Select the 14 records with least total error. If both horizontal components of a specific station are
in the set, then remove the record with the larger error of the pair and select the next unique record
from the remaining record set. This step is repeated as needed until all records selected are from
different stations.

6. Compute the average spectrum from the record set (14 total) from step 5.

7. Scale the average spectrum from step 6 so that no value between 0.2 X7 4,g and 1.5 %7 44 is less
than the MCER spectrum. The 1.3 factor in ASCE 41 §1.6.2 is not included here, so as to address
the change of spectrum parameters from geomean to maximum direction response in ASCE 7 (this
factor will be removed in ASCE 41-13).

8. Scale the record set from step 5 by the value computed in step 7. Therefore, there are two scaling
factors: step 4 and step 7.

9. Apply the total scaling factor (step 4 times step 7) to each component record in the set from step 5
and perform analysis.

For comparison purposes, the process in ASCE 41 §1.6.2.2 is summarized as follows:

1. Select a minimum of three recorded events (each event is a data set), each with two horizontal
components.

2. Take the SRSS of the two horizontal components of each selected data set from step 1.

3. Select a scaling factor for each SRSS from step 2. Note that application of a scaling factor to the
unscaled SRSS is equivalent to taking the SRSS of the similarly scaled components.

4. Compute the average of the scaled SRSS spectra from step 3 for all selected events.

5. Scale the average spectrum from step 4 so that no value between 0.2 X7 4, and 1.5 X7 4 18 less
than 1.3 times the design spectrum.

6. Apply the total scaling factor (step 3 times step 5) to each component record in an event and perform
analysis.

The selection and scaling procedure in this study differs slightly from that found in ASCE 41. Because this
study investigates a generalized SDC Dnax analysis without a specific location, it is difficult to select a site
and apply common selection and scaling processes typically performed by a geotechnical engineer. In lieu
of taking the SRSS of the two horizontal components of an event and having 22 SRSS spectra and in turn
computing the error of the SRSS records and associated scaling factor for the event, the error and scaling
factor were computed for each component (44 spectra). 14 unique records were selected per principal
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direction and the average of this set scaled to meet the target spectrum. In summary, steps 1 to 5 in the
process identify the “best fit” to the ASCE 41 code spectrum (which matches ASCE 7). The average of this
set is computed and scaled similarly to that in ASCE 41—without the 1.3 factor.

Other ground motion selection and scaling methods are discussed in NIST GCR 11-917-15: Selecting and
Scaling Earthquake Ground Motions for Performing Response-History Analyses (NIST 2011d).

A.3 Four-Story Archetype Building

A.3.1 4-Story Special Moment Frame

Table A-1 summarizes the 14 strong motion records used for the nonlinear dynamic procedure (NDP) for
the E-W direction of MC4 special moment frame (SMF). Figure A-1 illustrates the set of acceleration
response spectra, original and scaled, and the scaled average spectrum. Figure A-2 illustrates the
acceleration response spectra, original and scaled, for each select record. For comparison, the ASCE 41
code spectrum is shown in the figures. All records completed for the BSE-1 and BSE-2 for the ELF design.
All records completed for the BSE-1 for the RSA design. All analyses except those using records 1, 4, 7, 9,
and 12 completed for the BSE-2 for the RSA design.

Table A-1. Ground Motion Records for E-W Direction of MC4

ID  EQNo. Event Name Station Comp.!  Error? S]?jl]izn; SBcilliEn; Step*  Time®
1 34 Superstition Hills Poe Road (temp) 2 28 3.055 2.037 0.010 23
2 12 Imperial Valley El Centro Array #11 2 30 4.115 2.744 0.005 40
3 31 Superstition Hills El Centro Imp. Co. 1 31 2.839 1.893 0.005 40
4 10 Imperial Valley Delta 2 32 2.433 1.622 0.010 100
5 5 Duzce, Turkey Bolu 1 34 2.021 1.347 0.010 56
6 28 Loma Prieta Gilroy Array #3 2 39 2.018 1.345 0.005 40
7 17 Kocaeli, Turkey Duzce 1 41 2.562 1.708 0.005 28
8 15 Kobe, Japan Shin-Osaka 1 41 3.028 2.019 0.010 41
9 22 Landers Yermo Fire Station 2 45 4.479 2.986 0.020 44
10 3 Northridge Canyon Country-WLC 1 46 2.094 1.396 0.010 20
11 14 Kobe, Japan Nishi-Akashi 2 47 3.020 2.013 0.010 41
12 41 San Fernando LA - Hollywood Stor 1 51 5.010 3.340 0.010 28
13 29 Manyjil, Iran Abbar 1 52 2.839 1.893 0.020 54
14 7 Hector Mine Hector 1 52 4.617 3.078 0.010 46
Nm? Component Number. See FEMA P-695 Appendix A for additional parameters associated to each component of an event.

2. Single composite error value computed in Step 3.

3. Scaling factor for the component for the BSE-2 or BSE-1 EHL (BSE-1 = %xBSE-2).

4. Time step in seconds.

5. Total time of record in seconds.
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A.4 Eight-Story Archetype Building

A.4.1 8-Story Special Moment Frame

Table A-2 summarizes the 14 strong motion records used for the NDP for the E-W direction of MCS8 (SMF).
Figure A-3 illustrates the set of acceleration response spectra, original and scaled, and the scaled average

spectrum. Figure A-4 illustrates the acceleration response spectra, original and scaled, for each select
record. For comparison, the ASCE 41 code spectrum is shown in the figures. All records completed for the
BSE-1 for the ELF design. All analyses with records except 8, 10, and 13 completed for the BSE-2 for the
ELF design. All analyses except those using records 8 and 14 completed for the BSE-1 for the RSA design.

All analyses except those using records 1, 2, 3, 4, 7, 8, 10, 12, 13, and 14 completed for the BSE-2 for the

RSA design.
Table A-2. Ground Motion Records for E-W Direction of MC8
]I) EQ No. Event Name Station Comp.! Error? S?::li;; SBc:l]iEr;; Step* Time®
1 12 Imperial Valley El Centro Array #11 2 29 3.862 2.575 0.005 40
2 21 Landers Yermo Fire Station 1 56 2.842 1.894 0.020 44
3 10 Imperial Valley Delta 2 58 2.371 1.581 0.010 100
4 27 Loma Prieta Gilroy Array #3 1 59 5.483 3.656 0.005 40
5 5 Duzce, Turkey Bolu 1 61 2.036 1.358 0.010 56
6 34 Superstition Poe Road (temp) 2 62 3.132 2.088 0.010 23
Hills
7 29 Manyjil, Iran Abbar 1 63 3.034 2.023 0.020 54
8 39 Chi-Chi, Taiwan TCU045 1 63 4.768 3.179 0.005 90
9 42 San Fernando LA - Hollywood Stor 2 66 6.846 4.564 0.010 28
10 19 Kocaeli, Turkey Arcelik 1 67 8.760 5.840 0.005 30
11 7 Hector Mine Hector 1 74 5.307 3.538 0.010 46
12 31 Superstition El Centro Imp. Co. 1 74 2.844 1.896 0.005 40
Hills
13 44 Friuli, Italy Tolmezzo 80 9.476 6.318 0.005 37
14 38 Chi-Chi, Taiwan CHY101 2 88 0.993 0.662 0.005 90

1. Component Number. See FEMA P-695 Appendix A for additional parameters associated to each component of an event.

. Single composite error value computed in Step 3.
. Scaling factor for the component for the BSE-2 or BSE-1 EHL (BSE-1 = %xBSE-2).
. Time step in seconds.

. Total time of record in seconds.
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A.5 Sixteen-Story Archetype Building

A.5.1 16-Story Special Moment Frame

Table A-3 summarizes the 14 strong motion records used for the NDP for the E-W direction of MC16
(SMF). Figure A-5 illustrates the set of acceleration response spectra, original and scaled, and the scaled
average spectrum. Figure A-6 illustrates the acceleration response spectra, original and scaled, for each
select record. For comparison, the ASCE 41 code spectrum is shown in the figures. All analyses completed
for the BSE-1 and BSE-2 for the ELF design. All records completed for the BSE-1 for the RSA design. All
analyses except those using records 1, 2, 5, and 10 completed for the BSE-2 for the RSA design.

Table A-3. Ground Motion Records for E-W Direction of MC16

ID EQ No. Event Name Station C011np Err Slcg:aslllfr-l; Slcg:aslllfr-l; Step* Time®
1 12 Imperial Valley El Centro Array #11 2 66 3.664 2.443 0.005 40
2 29 Manjil, Iran Abbar 1 74 3.295 2.197 0.020 54
3 19 Kocaeli, Turkey Arcelik 1 83 8.383 5.589 0.005 30
4 7 Hector Mine Hector 1 88 4.992 3.328 0.010 46
5 9 Imperial Valley Delta 1 93 3.061 2.041 0.010 100
6 22 Landers Yermo Fire Station 2 94 3.089 2.059 0.020 44
7 5 Duzce, Turkey Bolu 1 97 2.724 1.816 0.010 56
8 42 San Fernando LA - Hollywood Stor 2 97 7.119 4.746 0.010 28
9 17 Kocaeli, Turkey Duzce 1 103 1.673 1.115 0.005 28
10 32 Superstition Hills El Centro Imp. Co. 2 105 2.940 1.960 0.005 40
11 14 Kobe, Japan Nishi-Akashi 2 106 4.286 2.857 0.010 41
12 27 Loma Prieta Gilroy Array #3 1 108 6.015 4.010 0.005 40
13 16 Kobe, Japan Shin-Osaka 2 118 7.346 4.897 0.010 41
14 37 Chi-Chi, Taiwan CHY101 1 121 1.241 0.827 0.005 90

Notes:
. Component Number. See FEMA P-695 Appendix A for additional parameters associated to each component of an event.
. Single composite error value computed in Step 3.

. Scaling factor for the component for the BSE-2 or BSE-1 EHL (BSE-1 = %4xBSE-2).
. Time step in seconds.
. Total time of record in seconds.

[T NEVE
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A.6 FEMA P-695 Far-Field Record Set

Figure A-7 through Figure A-50 illustrate the recorded ground motion, Fourier amplitude (frequency and
period), and the five percent damped response spectra (displacement, velocity, acceleration) for each
component.
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Figure A-7. 1994 Northridge Earthquake at Beverly Hills, Mulholland Drive Station, Comp. 009
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Figure A-8. 1994 Northridge Earthquake at Beverly Hills, Mulholland Drive Station, Comp. 279
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Figure A-9. 1994 Northridge Earthquake at Canyon Country WLC Station, Comp. 000
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Figure A-10. 1994 Northridge Earthquake at Canyon Country WLC Station, Comp. 270
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Figure A-11. 1999 Duzce, Turkey Earthquake at Bolu Station, Comp. 000
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Figure A-12. 1999 Duzce, Turkey Earthquake at Bolu Station, Comp. 090
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Figure A-14. 1999 Hector Mine Earthquake at Hector Station, Comp. 090
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Figure A-17. 1979 Imperial Valley Earthquake at El Centro Array Station #11, Comp. 140
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Figure A-18. 1979 Imperial Valley Earthquake at El Centro Array Station #11, Comp. 230
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Figure A-19. 1995 Kobe, Japan Earthquake at Nishi-Akashi Station, Comp. 000
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Figure A-20. 1995 Kobe, Japan Earthquake at Nishi-Akashi Station, Comp. 090
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Figure A-21. 1995 Kobe, Japan Earthquake at Shin-Osaka Station, Comp. 000
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Figure A-22. 1995 Kobe, Japan Earthquake at Shin-Osaka Station, Comp. 090
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Figure A-24. 1999 Kocaeli, Turkey Earthquake at Duzce Station, Comp. 270
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Figure A-25. 1999 Kocaeli, Turkey Earthquake at Arcelik Station, Comp. 000
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Figure A-26. 1999 Kocaeli, Turkey Earthquake at Arcelik Station, Comp. 090
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Figure A-27. 1992 Landers Earthquake at Yermo Fire Station, Comp. 270
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Figure A-28. 1992 Landers Earthquake at Yermo Fire Station, Comp. 360
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Figure A-29. 1992 Landers Earthquake at Coolwater Station, Longitudinal Direction
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Figure A-30. 1992 Landers Earthquake at Coolwater Station, Transverse Direction
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Figure A-31. 1989 Loma Prieta Earthquake at Capitola Station, Comp. 000
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Figure A-32. 1989 Loma Prieta Earthquake at Capitola Station, Comp. 090
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Figure A-33. 1989 Loma Prieta Earthquake at Gilroy Array Station #3, Comp. 000
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Figure A-34. 1989 Loma Prieta Earthquake at Gilroy Array Station #3, Comp. 090
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Figure A-35. 1990 Manjil, Iran Earthquake at Abbar Station, Longitudinal Direction
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Figure A-36. 1990 Manjil, Iran Earthquake at Abbar Station, Transverse Direction
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Figure A-37. 1987 Superstition Hills Earthquake at El Centro, Imperial County, Comp. 000
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Figure A-38. 1987 Superstition Hills Earthquake at El Centro, Imperial County, Comp. 090
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Figure A-39. 1987 Superstition Hills Earthquake at Poe Road, Comp. 270
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Figure A-40. 1987 Superstition Hills Earthquake at Poe Road, Comp. 360
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Figure A-41. 1992 Cape Mendocino Earthquake at Rio Dell Overpass, Comp. 270
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