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Foreword

Most buildings in the United States are less than five stories tall. These low-rise
buildings typically possess fundamental periods less than one-half second and
thus are referred to as short-period buildings. Many commonly used analytical
models have predicted that short-period buildings designed to current building
codes are likely to suffer severe damage or collapse during design-level
earthquakes. However, post-earthquake field investigations have not confirmed
these predictions. Since this uncertainty is found across all types of building
structures and construction materials permitted by current building codes and
standards, it decreases confidence in the earthquake resilience of such code-
compliant buildings. This technical resource series provides the findings and
conclusions related to this issue and recommendations for improving seismic
design of short-period buildings.

The National Earthquake Hazards Reduction Program (NEHRP) at the Federal
Emergency Management Agency (FEMA) has a responsibility to help translate
and implement new knowledge and research results to increase earthquake
resilience nationwide. This FEMA-supported multi-year project series has
successfully applied new analytical modeling techniques to investigate the long-
standing problem of short-period building seismic collapse performance. This
report is the fourth volume of the series, and it summarizes a study on one-to-
four story steel special concentrically braced frame buildings designed in
accordance with the ASCE/SEI 7-10 standard for high-seismic regions. The
study has examined various contributing factors to the uncertainty. Through
advanced modeling and parametric evaluation, the study has shown that the
uncertainty can be resolved and further improvements to seismic design of steel
braced frame buildings can be achieved.

FEMA is grateful to the Applied Technology Council (ATC) for managing this
sophisticated multi-year project series to a successful completion, to the Project
Technical Committee and the Project Review Panel for their dedicated effort
leading to invaluable technical findings and recommendations. FEMA is also
thankful to the project workshop participants for their scrutiny and valuable
comments. Resolving the uncertainty in short-period building seismic collapse
performance will strengthen confidence in seismic building codes. This project
series will also contribute to improving seismic design and predicting collapse
potential of short-period buildings in high-seismic communities in the nation.

Federal Emergency Management Agency
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Recent analytical studies investigating a wide range of modern seismic-force-
resisting systems have predicted collapse rates for short-period buildings that
are significantly larger than those observed in earthquakes during the past 50
years. This gap between analytically predicted and historically observed
collapse rates is known as the short-period building seismic performance
paradox. Analytically predicted collapse rates for short-period buildings are
also generally larger than maximum collapse rates used in national model
codes and standards to establish seismic design requirements. If these
analytical predictions are accurate, it means that the goal of acceptable
collapse performance for all seismic-force-resisting systems at all building
periods is not being achieved.

In 2013, the Applied Technology Council (ATC) was awarded the first in a
series of task orders under contracts HSFE60-12-D-0242 and HSFE60-17-D-
0002 with the Federal Emergency Management Agency (FEMA) to
investigate “Solutions to the Issue of Short Period Building Performance,”
designated the ATC-116 Project series. The purpose of this series of projects
was to investigate the response behavior and collapse performance of
different structural systems and to identify causes and develop solutions for
the short-period building seismic performance paradox. Studies investigated
three structural systems: wood light-frame, special reinforced masonry shear
wall, and steel special concentrically braced frame (SCBF) systems.

This report, which focuses on the investigation of steel SCBF systems, is one
of four principal products of the ATC-116 series of projects:

o FEMA 2139-1, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 1 —
Overarching Findings, Conclusions, and Recommendations

o FEMA 2139-2, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 2 — Study of
One-to-Four Story Wood Light-Frame Buildings

e FEMA 2139-3, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 3 — Study of
One-to-Four Story Special Reinforced Masonry Shear Wall Buildings

Preface
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o FEMA 2139-4, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 4 — Study of
One-to-Four Story Steel Special Concentrically Braced Frame Buildings

These reports are the result of a collaborative effort of more than 30
individuals tasked with the design of archetypes, development of numerical
models, and interpretation of results across all three structural systems, in
addition to the many others who participated in review workshops where
draft versions of the reports were presented and discussed. ATC is indebted
to the leadership of Charlie Kircher, Project Technical Director, and to the
other members of the ATC-116 project team for their efforts in developing
these reports. The Project Technical Committee, consisting of Jeff Berman,
Kelly Cobeen, Dan Dolan, Andre Filiatrault, Jim Harris, Greg Kingsley,
Dawn Lehman, Weichiang Pang, and Benson Shing, managed and performed
the technical development effort.

Alex Stone assisted in the development of the design of the steel archetypes,
and Sarah Wichman assisted in the steel numerical modeling. Lisa Star
provided technical guidance on the development of the steel soil-structure
interaction and foundation flexibility parametric study. The Project Review
Panel, consisting of Tony Court, Bill Holmes, Larry Kruth, Onder Kustu, Jim
Malley, and Steve Pryor, provided technical review and advice at key stages
of the work.

ATC also gratefully acknowledges Mike Tong (FEMA Project Officer) and
Bob Hanson (FEMA Technical Advisor) for their input and guidance in the
preparation of this report, Scott Schiff who assisted in ATC project
management, and Carrie J. Perna who provided ATC report production
services. The names and affiliations of all who contributed to this report,
including those who participated in the review workshop focused on steel
SCBF systems, are provided in the list of Project Participants at the end of

this report.
Justin Moresco Jon A. Heintz
ATC Director of Projects ATC Executive Director
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Chapter 1

Introduction

This report describes the approach, analyses, findings, conclusions, and
recommendations for one in a series of studies on the gap between
analytically predicted and historically observed earthquake-induced collapse
rates for short-period buildings. It presents work focused on steel special
concentrically braced frame (SCBF) systems. The Applied Technology
Council (ATC) was commissioned by the Federal Emergency Management
Agency (FEMA) to conduct these studies as part of the ATC-116 Project
series, “Solutions to the Issue of Short Period Building Performance.”

Short-period buildings, such as low-rise residential and commercial buildings,
comprise a major portion of the building stock in U.S. communities with high-
seismic hazard. The gap between analytically predicted and historically
observed collapse rates for short-period buildings exists across many seismic-
force-resisting systems and construction materials. As a result, it is believed
that the seismic collapse performance for short-period buildings is not
accurately predicted by current analytical models. Based on a review of
previous studies and available research and data, three seismic-force-resisting
systems were selected for investigation: wood light-frame, special reinforced
masonry shear wall, and steel SCBF systems.

The subject of this report is commercial buildings constructed using steel
SCBF systems. Studies on buildings constructed using wood light-frame or
special reinforced masonry shear wall systems are described in separate
reports. An additional report compares results from all three studies to
identify commonalities for the possible extension of the findings,
conclusions, and recommendations to other seismic-force-resisting systems
and construction materials. The FEMA P-2139 series of reports include the
following:

e FEMA P-2139-1, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 1 —
Overarching Findings, Conclusions, and Recommendations

e FEMA P-2139-2, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 2 — Study of
One-to-Four Story Wood Light-Frame Buildings
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o FEMA P-2139-3, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 3 — Study of
One-to-Four Story Special Reinforced Masonry Shear Wall Buildings

o FEMA P-2139-4, Short-Period Building Collapse Performance and
Recommendations for Improving Seismic Design, Volume 4 — Study of
One-to-Four Story Steel Special Concentrically Braced Frame Buildings

1.1 Background and Purpose

At the time this study began, commercial buildings were designed in
accordance with ASCE/SEI 7-10, Minimum Design Loads for Buildings and
Other Structures (ASCE, 2010), which was adopted by reference in the 2015
edition of the International Building Code (IBC) (ICC, 2015). Design
seismic loads in ASCE/SEI 7-10 are based on risk-targeted maximum
considered earthquake (MCER) ground motions, which were introduced in
FEMA P-750, NEHRP Recommended Seismic Provisions for New Buildings
and Other Structures (FEMA, 2009a). Buildings designed and constructed
in accordance with national model codes and seismic design standards (e.g.,
ASCE/SEI 7-10) are expected to meet general seismic performance targets,
which are described in terms of not exceeding a specified probability of
collapse given MCER ground motions. For reference, a collapse probability
of no more than 10 percent, given MCERr ground motions, is the anticipated
“reliability” in ASCE/SEI 7-10 (Table C1.3.1b) for Risk Category 11
buildings, which constitute the vast majority of all buildings. Further, the use
of MCERr ground motions in building design is intended to provide a
reasonable assurance of seismic performance for all buildings—regardless of
building period, seismic-force-resisting system, or other characteristic—
designed in accordance with the governing building code.

Studies conducted prior to the ATC-116 Project series have used the
methodology described in FEMA P-695, Quantification of Building Seismic
Performance Factors (FEMA, 2009b), to evaluate the collapse performance
of common code-permitted seismic-force-resisting systems. For example,
one widely cited previous collapse performance study is described in NIST
GCR 12-917-20, Tentative Framework for Development of Advanced Seismic
Design Criteria for New Buildings (NIST, 2012a). This and other similar
studies have shown that many seismic-force-resisting systems achieve the
collapse performance target (i.e., less than a 10 percent probability of
collapse given MCERr ground motions). However, these studies have also
found that shorter-period buildings have calculated probabilities of collapse
that exceed those of longer-period buildings, and generally exceed the 10
percent target for acceptable collapse performance.

1-2

1: Introduction FEMA P-2139-4



This can be observed in Figure 1-1, taken from NIST GCR 12-917-20. The
figure plots the calculated collapse probabilities for groups of structural
systems, as identified in Table 12.2-1 of ASCE/SEI 7-10, over a range of
periods. Bearing wall systems (diamonds) include special reinforced
masonry shear walls (A.7), ordinary reinforced masonry shear walls (A.9)
and light-frame (wood) walls with wood structural panel sheathing (A.15).
Building frame systems (squares) include steel special concentrically braced
frames (B.2), which are the focus of this report, special reinforced concrete
shear walls (B.4), ordinary reinforced concrete shear walls (B.5), and steel
buckling-restrained braced frames (B.25). Moment frame systems (triangles)
include steel special moment frames (C.1), special reinforced concrete
moment frames (C.5), and ordinary reinforced concrete moment frames (C.7)

In the figure, FEMA P-695 collapse performance studies on a variety of
structural systems over a range of periods suggest that, for systems with
design periods less than about 0.5 seconds, the probability of collapse given
MCER ground motions increases significantly as the design period decreases.
If these analytical predictions are accurate, then the goal of acceptable
collapse performance for all seismic-force-resisting systems at all building
periods is not being achieved, and short-period buildings are exceeding the
10 percent collapse performance target of ASCE/SEI 7.

35% T T i I

¢ Bearing Wall Systems (A7, A9.A15)
30% O Building Frame Systems (B.2, B.4, B.5,B.25) | |

A& Moment Frame Systems (C.1,C5.C.7)
> 259, @\‘l @
s o High axial load, Mon-conforming
g 20% ordinary (partially (SDC C design)
DE_ A grouted) RMSW ordinary RCMF
\ O N I I
@ — . .
2 459 \__h Steel Special Concentrically
§ 8 N Braced Frames (B.2) Al
10% . ]
& /
&
5% Al —"
o [ — BRBF (with ductile
o SMF connections)
0% e s O = | |
0.0 0.5 1.0 1.5 20 25 3.0 3.5
Design Period, T (seconds)

Figure 1-1 Trends in the probability of collapse of selected systems as a

function of design period (adapted from NIST, 2012a).

FEMA P-2139-4 1: Introduction

1-3



The importance of building period on the calculation of peak response of
inelastic systems dates back to studies of response and design spectra in the
1960s and 1970s by Veletsos, Newmark, and others (e.g., Veletsos and
Newmark, 1960). These studies found that the ratio of inelastic displacement
to elastic displacement of simple single-degree-of-freedom numerical models
was period dependent and increased as the periods of the numerical models
decreased, implying worse collapse performance for shorter-period buildings.

Findings from other numerical studies of earthquake response and collapse
performance are consistent and suggest that seismic design coefficients (e.g.,
R) could be period dependent or more stringent for shorter-period buildings
(e.g., Miranda and Bertero, 1994). Although ASCE/SEI 7 does not include
period-dependent seismic modification factors, the underlying concepts can
be found in other seismic codes. For example, Section 5.2.3 of Eurocode 8
(CEN, 2004) increases inelastic seismic demands as a function of period for
detailing of reinforced-concrete elements in areas of plastic hinging when the
building period is relatively short (i.e., T less than T, where 7 is the code-
defined transition period between spectral response domains of constant
acceleration and constant velocity). Explicit incorporation of period-
dependent properties can also be found in the “coefficient method” of
ASCE/SEI 41-17, Seismic Evaluation and Retrofit of Existing Buildings
(ASCE, 2017).

Trends in observed earthquake damage of short-period buildings, however,
do not support the high collapse probabilities shown in Figure 1-1. Analysis
of available historical data on short-period building performance is described
in Chapter 2. For example, very few steel buildings were severely damaged
and none collapsed in the 1994 Northridge earthquake, which suggests that
collapse risk for this class of short-period buildings is not elevated. This
observation is contrary to the results of analytical studies used to predict
collapse probabilities. Because observed damage in short-period buildings is
less than what is implied by the body of analytical results available in the
literature, the opinion of many structural engineers suggests that numerical
models overestimate the actual collapse risk of short-period buildings.

The apparent discrepancy between analytical prediction of collapse
performance and the opinions and observations of structural engineers has
been designated the short-period building seismic performance paradox.
With the standardized collapse evaluation methodology of FEMA P-695,
additional testing of structural elements and assemblies, and the evolution of
high-speed computer processing, we now have the capability to effectively
investigate and resolve this paradox.

1-4

1: Introduction FEMA P-2139-4



Given this context, the purpose of the ATC-116 Project series was to
investigate the response behavior and collapse performance of different
short-period structural systems. The results of this work are intended to:

o Identify the causes of the short-period building seismic performance
paradox, quantify factors contributing to short-period building
performance, and develop solution concepts.

e Improve and validate numerical modeling methods for short-period
buildings to more accurately capture response behavior and collapse
performance characteristics.

e Improve code seismic design methods and engineering practices for
short-period buildings so that seismic performance targets are achieved
across all seismic-force-resisting systems and all design periods.

e Inform future research so that better data and improved numerical
modeling can be used in the development of more efficient and effective
structural systems, seismic assessment methodologies, and engineering
design procedures.

1.2 Approach and Scope

A phased approach for investigation was developed and presented in the
ATC-116 report, Roadmap for Solutions to the Issue of Short Period
Building Performance (ATC, 2015). Many factors are thought to contribute
to the apparent discrepancy between analyzed and observed seismic
performance of short-period buildings. Reasons for the paradox could
include an underestimation of the peak strength and post-peak capacity of
short-period buildings, an overestimation of the demands on short-period
buildings, or a combination of both. Possible causes include building
configuration issues (e.g., incorporation of all structural and nonstructural
components, including interior and exterior wall finishes, that contribute to
building strength and stiffness), hysteretic response backbone curve issues
(e.g., realistic characterization of peak strength and collapse displacement
capacity), and other factors (e.g., soil-structure interaction and foundation
flexibility) that affect building response behavior and collapse performance.

Overall, the approach was to: (1) establish benchmarks for the historically
observed performance of short-period buildings; (2) conduct parametric
analytical studies on archetypical short-period buildings using advanced
numerical models and the latest available research and test data; and (3)
identify modeling parameters or building characteristics that provide the best
match between the simulated and benchmark performance.
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Although there are a number of parameters by which seismic performance
can be measured, these studies were primarily interested in collapse
performance as measured by the conditional probability of collapse given a
ground motion intensity (e.g., MCERr ground motions), based on observations
from historical earthquake data, as described in Chapter 2, or collapse
statistics obtained from Incremental Dynamic Analysis (IDA), as described
in Chapter 5.

For the purpose of these studies, short-period buildings were defined as
buildings with first-mode periods less than about 0.5 seconds. Studies
investigated different systems, configurations, and materials commonly used
in the United States for design and construction of new short-period
buildings in regions of high and very high seismicity.

To study steel SCBF systems, a suite of archetypes, with variations in height
and seismic-design level, were selected. Archetypes were intended to
represent code-compliant modern construction for commercial office
occupancies (COM) classified under Risk Category II. Other occupancies,
like residential or industrial, were not studied because occupancy is not
believed to have a significant effect on the layout or design of steel SCBF
systems. Archetypes included one-story, two-story, and four-story buildings,
all with fundamental periods below 0.5 seconds. The key configuration and
seismic-design criteria for the steel SCBF archetypes are provided in Table
1-1, where the design period (7' = C,7,) and the seismic response coefficient
(Cs) were calculated in accordance with Section 12.8.2 and Section 12.8.1.1
of ASCE/SEI 7-10, respectively. The development of the steel SCBF
archetypes is described in detail in Chapter 3.

Archetype design methods and details represented typical modern practice
exercised in areas of significant seismicity based on the usual and customary
standard of care. In contrast with prior FEMA P-695 collapse studies,
archetype configurations for each occupancy were selected to be realistic and
representative of actual buildings in terms of size and proportion. They were
designed to meet code-minimum base shear strength requirements, but were
not biased with overstrength through deliberate conservatism in the design or
understrength caused by the use of member sizes that would be considered
unrealistic based on gravity load or architectural considerations.

Archetypes were designed for a range of seismic ground-motion levels.
“High-seismic” archetypes were designed for a value of short-period MCEr
spectral response acceleration adjusted for site class effects (Sus) of 1.5g, and
“very high-seismic” archetypes were designed for an Sys of 2.25g. This
highest value of Sus is not required by FEMA P-695 (e.g., for evaluation of a
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new seismic-force-resisting system proposed for ASCE/SEI 7) but was used
in this study to investigate the collapse performance of short-period buildings
for MCER ground motions that are unlikely but could occur in regions of
very high seismicity (e.g., at sites located relatively close to fault rupture).

Table 1-1 Key Configuration and Seismic Design Criteria for Steel SCBF Archetypes

Seismic Design Criteria

Seismic Response
Design Period* Design MCE Design Modification |Seismic Response
T=Cl[T, Category Parameter, Sys Coefficient Coefficient,
Archetype ID | No. of Stories (sec) (SDC) (g (R) C (g

Commercial Buildings: High Seismic

COM1 1 0.25 D 1.5 6 0.167
COM2 2 0.34 D 1.5 6 0.167
COM3 4 0.57 D 1.5 6 0.167

Commercial Buildings: Very High Seismic

COM4 1 0.25 E 2.25 6 0.25
COM5 2 0.34 E 2.25 6 0.25
COM6 4 0.57 E 2.25 6 0.25

* The design period is defined as T = C,T, = 0.25 seconds, in accordance with the requirements of FEMA P-695, where the
values of the parameters C, and T, are specified by ASCE/SEI 7-10.

Archetype designs provided the basis for advanced numerical models. Using
FEMA P-695 procedures, IDA results provided collapse performance metrics
in terms of the conditional probability of collapse given MCERr ground-
motion levels.

To investigate the apparent discrepancy between analyzed and observed
seismic performance of steel SCBF systems, five parametric studies were
performed. These included: (1) baseline configuration; (2) brace
configuration; (3) no redundancy; (4) soil-structure interaction (SSI) and
foundation flexibility; and (5) no reserve moment frame. Parametric studies
are described in detail in Chapter 4 and summarized below:

Baseline Configuration Parametric Study: investigated variation in the
response behavior and collapse performance of short-period steel SCBF
buildings. The study considered differences in archetype configurations
compared with those of previous FEMA P-695 collapse evaluations and
compared modeled “baseline” collapse performance to observed earthquake
data. Baseline models considered the results of other parametric studies and
incorporated a best estimate for each parameter to provide an overall best
estimate of the simulated response of short-period steel SCBF buildings.
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Brace Configuration Parametric Study: investigated the effects of
different types of brace configurations on response behavior and collapse
performance. Steel SCBF buildings can be designed with different brace
configurations for a given bay of bracing, including diagonal bracing,
chevron bracing, and double-story X-bracing. Comparison of response and
collapse results of archetype models with chevron bracing to the results of
corresponding baseline archetype models with double-story X-bracing (two-
story and four-story archetypes) provided the basis for evaluating the effects
of brace configuration.

No Redundancy Parametric Study: investigated the effects of redundancy
on response behavior and collapse performance. Section 12.3.4 of
ASCE/SEI 7-10 requires a redundancy factor (p) to be assigned to the
seismic-force-resisting system in each of the two orthogonal directions based
on the configuration of the system and system-specific redundancy criteria.
The redundancy factor increases horizontal seismic loads required for design
of members of structures not meeting the redundancy criteria. Comparison
of response and collapse results of archetype models designed to be code
compliant assuming the redundancy criteria were not met (i.e., p is 1.3) to the
results of corresponding baseline archetype models designed to be code
compliant where the redundancy criteria were met (i.e., p is 1.0) provided the
basis for evaluating the effects of redundancy.

Soil-Structure Interaction (SSI) and Foundation Flexibility Parametric
Study: investigated SSI inertial and kinematic effects and foundation
flexibility for two soil conditions (stiff and soft sites) on response behavior
and collapse performance. SSI inertial effects were modeled with a
distributed set of discrete nonlinear soil springs and dashpots below flexible
foundation elements. SSI kinematic effects were evaluated by modifying the
frequency content of ground motion records (filtered records) used for
response history analysis. Comparison of response and collapse results of
archetype models with nonlinear soil springs, dashpots, and flexible
foundation elements analyzed using filtered records to the results of
corresponding baseline archetype models on fixed bases (i.e., rigid
foundations) analyzed using unfiltered records provided the basis for
evaluating the effects of SSI and foundation flexibility.

No Reserve Moment Frame Parametric Study: investigated the effects of
the reserve moment-frame action within the braced frames on response
behavior and collapse performance. After brace fracture occurs on a given
story, lateral resistance is still provided by reserve moment-frame action
within the braced frames resulting from the presence of the gusset plate
connections at beam-to-column connections and the column bases.
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Comparison of response and collapse results of archetype models that
removed the reserve moment-frame action within the braced frames to the
results of corresponding baseline archetype models that preserved the reserve
moment-frame action within the braced frames provided the basis for
evaluating the effects of the reserve moment frame.

Due to budget and time constraints, not all steel SCBF archetype buildings
were designed, modeled, and analyzed. Table 1-2 lists the names of the
archetype designs and numerical models for which parametric studies were
completed. A total of 14 models were developed for the five parametric
studies (each archetype analyzed as part of the SSI and foundation flexibility
parametric study had two variations—one located at a site with soft soil and
one located at a site with stiff soil). In general, the high-seismic ground-
motion level was prioritized over the very high-seismic ground-motion level
because high-seismic ground motions best represent strong ground motions
in major earthquakes at sites not close to fault rupture.

Table 1-2 Steel SCBF Building Archetypes Developed for the Parametric Studies

4)
Soil-Structure
Interaction (SSI)
and Foundation
Flexibility

(1 (2)
No. of Baseline Brace
Stories | Configuration | Configuration

Archetype ID

Redundancy

Commercial Buildings: High Seismic

(5)
No Reserve
Moment Frame

COM1 1 COM1B - - -

COM2 2 COM2B COM2B-BC COM2B-NR COM2B-SS

COM2B-NMF

COM3 4 COM3B COM3B-BC - COM3B-SS

Commercial Buildings: Very High Seismic

COM4 1 COM4B - - -

COM5 2 COMS5B - - -

COM6 4 COM6B - - -

1.3 Organization and Content

This report describes an investigation of the response behavior and collapse
performance of short-period steel SCBF buildings. It presents historical data
on earthquake performance, typical configurations of steel SCBF
construction, development of archetype designs and numerical models,
results from parametric analytical studies, solutions to the short-period
building seismic performance paradox, and recommendations for seismic
design, engineering practice, and future research.
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Chapter 2 identifies potential sources of earthquake data, describes methods
for evaluation of response behavior and collapse performance using these
data, presents observations of short-period building steel SCBF building
performance in past earthquakes, and establishes benchmarks of collapse
performance for comparison with parametric study results.

Chapter 3 discusses factors influencing the performance of short-period steel
SCBF buildings, identifies common building types in terms of use
(occupancy) and structural configuration, defines representative commercial
building archetypes and their associated design criteria, and describes the
design of these archetypes.

Chapter 4 describes the methods used to develop numerical models of short-
period steel SCBF archetypes, including their calibration and validation with
experimental data, and provides a detailed description of the five parametric
studies.

Chapter 5 summarizes the analytical results for each of the five parametric
studies on short-period steel SCBF buildings.

Chapter 6 presents key findings, conclusions, and recommendations related
to short-period steel SCBF buildings.

Appendix A provides additional archetype design details that are not
included in Chapter 3.

Appendix B presents a brief introduction of SSI theory followed by a
detailed description of the means and methods used in modeling the effects
of SSI and foundation flexibility for this study.

Appendix C describes the organization and content of peak response
quantities from each archetype that have been archived for further study and
future use.

References and a list of project participants are provided at the end of this
report.
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Chapter 2

Observed Response and
Performance Benchmarks

2.1 Introduction

This chapter summarizes the observed damage and collapse of modern short-
period steel SCBF buildings in past earthquakes and presents the performance
benchmarks used in this study for comparison to baseline archetype model
results.

2.2 Observed Damage and Collapse of Modern Short-
Period Steel SCBF Buildings in Past Earthquakes

The literature on the performance of modern short-period steel SCBF buildings
in earthquakes is limited and not sufficient to develop a quantitative measure of
collapse failure rates. This is due, in part, to the relatively small population of
all short-period buildings that are constructed with steel SCBFs and to the
relatively good performance of modern steel SCBF buildings in past
earthquakes. A notable exception is the large number of steel braced frame
buildings with severe or collapse damage in the 1995 Kobe (Hyogo-ken Nanbu),
Japan earthquake, although most of these buildings are not representative of
modern steel SCBF buildings. Nonetheless, observed damage and collapse of
these buildings provides valuable information, since the 1995 Kobe earthquake
exposed these buildings to very strong (e.g., MCER or greater) ground motions.

Table 2-1 taken from Simpson et al. (2017) summarizes the types of damage
observed to steel braced-frame buildings in four earthquakes: (1) the 1971 San
Fernando earthquake; (2) the 1978 Miyagi-ken Oki, Japan earthquake; (3) the
1994 Northridge earthquake; and (4) the 1995 Kobe earthquake. These four
earthquakes were selected for this summary since damage data for these events
were available in the literature. Notably missing from this set of earthquakes is
the 1989 Loma Prieta earthquake, for which there is only anecdotal accounts of
damage to steel braced frames (e.g., brace buckling) in a few buildings. The
steel braced-frame buildings damaged in the older (pre-1981) 1971 San
Fernando and 1978 Miyagi-ken earthquakes are not representative of modern
steel braced-frame buildings and are expected to have more damage and
collapses than newer construction. A summary of steel braced-frame damage
and collapse statistics (where available) from the four earthquakes follows.
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Table 2-1  Description of Braced Frame Damage in Past Earthquakes

Location Magnitude Description of Damage
1971 San Fgrnar)do, M6.6 Buckling and fracture of bar and double-
California angle braces
. Buckling and fracture of bar and double-
Miyagi-ken le b
1978 : M7.4 angle braces
Oki, Japan . .
Premature connection failures
Local buckling and fracture of bracing
members
Northridge, Premature connection failure
1994 California Mé6.7 Deformation of beam
Uplift of column base
Weak-story behavior
Local buckling and fracture of small- and
large-section braces
1995 Kobe, Japan M7.2 Premature connection failure
Distortion of beam near connections
Significant yielding of beams

Note: Information in this table is based on Simpson et al., 2017.

2.2.1 Steel Braced-Frame Building Damage in the 1971 San
Fernando Earthquake

Although moderate in energy release (magnitude 6.6), the San Fernando
earthquake of February 9, 1971, caused significant damage and led to
detailed post-earthquake case studies of damaged buildings (NOAA, 1973).
These case studies included 38 “earthquake-resistant” buildings: (1) 17 low-
rise industrial and commercial buildings; (2) 9 hospital and medical facilities;
and (3) 12 high-rise buildings. The case studies also included 6 “non-
earthquake-resistant” buildings (i.e., unreinforced masonry and non-ductile
reinforced concrete). Buildings were selected for study because they had
sustained significant damage and, in some cases, had collapsed (e.g., Olive
View Hospital). Only 1 of the buildings studied, the two-story Foothill
Medical Center, was a steel building with braced frames (single-story,
double-angle X-braces). Principal structural damage to this building was at
the base of a column, which was severely bent due to brace eccentricity.
Although some braces failed, leading to glass and partition damage, the
building did not collapse and was repaired.

Although most of the damage after the San Fernando earthquake was
reported in reinforced-concrete structures, there were a few observed cases of
brace buckling and rupture (Simpson et al., 2017). One case was of flat-bar
braces in a temporary wall in a mixed-use construction building. The other
case was of buckling of steel double-angle X-bracing damage in a three-story
metal-skin building.
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2.2,.2 Steel Braced-Frame Building Damage in the 1978 Miyagi-
ken Oki Earthquake

The Miyagi-ken Oki earthquake of June 12, 1978, was a magnitude 7.4 event
that occurred offshore of Sendai City, Japan, and generated peak ground
accelerations of 1/5g, 1/4g, and 1/3g in areas surrounding the city (EERI,
1978). The majority of the steel buildings were relatively new braced frames
typically consisting of bar or double-angle braces with bolted gusset-plate
connections. The gusset connections were usually welded to the beams and
columns. Braced frames were commonly found in long-span structures, such
as factories, warchouses, or gymnasiums (Simpson et al., 2017).

Following the earthquake, a team of Japanese researchers performed field
investigations of damaged buildings in a 4 km-by-4 km (2.5 mile-by-2.5
mile) area east of old Sendai City that had a relatively large number of
commercial and industrial steel buildings. The investigations included:

(1) 861 one-story steel buildings; (2) 412 steel buildings of two stories or
more; and (3) 150 light-gauge steel buildings (Tanaka et al., 1980). Except
long-span buildings (e.g., industrial structures and sports arenas), one-story
steel buildings had limited structural damage, and the field investigations
focused on steel buildings two stories and taller. Surveyed steel buildings
included both moment-resisting frames and braced frames, although only a
few moment frames had structural damage.

Of the 454 steel buildings of two stories or more investigated, only 6
buildings (1.3 percent) collapsed and only 13 buildings (2.8 percent) had
significant structural damage with residual displacements of at least 1/30
relative story-drift angle. Fracture of jointed brace connections was observed
in the 6 buildings that collapsed, with collapse damage attributed to “fatal”
defects (Kato et al., 1980). In response to the Miyagi-ken Oki Earthquake,
the Ministry of Construction in Japan recommended earthquake design
lateral force be increased by a factor of 1.5 for braced frames and that
connection forces be 1.2 times larger than the yield strength of the braces
designed for those lateral forces.

2.2.3 Steel Braced-Frame Building Damage in the 1994
Northridge Earthquake

The Northridge earthquake of January 17, 1994, was a magnitude 6.7 event
that affected the greater Los Angeles metropolitan area, causing 51 deaths
(26 due to building collapse) and more than $40 billion of economic loss
(OES, 1995; OES, 1997). The damage observed after the 1994 Northridge
earthquake highlighted a variety of unexpected damage states in steel
structural systems (Simpson et al., 2017), but none resulting in building
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collapse (Krawinkler et al., 1996). Observed structural damage to 10 steel
concentrically braced frame (CBF) buildings is summarized in Table 2-2,

where MRF indicates that moment-resisting frames were present in one

d

irection of the building.

T

able 2-2

Summary of Observed Structural Damage to Steel Braced-

Frame Buildings in the 1994 Northridge Earthquake

Structure | Type | Structural Damage
Kaiser Permanente Hospital CBF Buckling of bracing members: excessive
penthouse sway
Two-story First Interstate Bank CBF Buckling of brace connecting plates;
Building in Northridge possible yielding of anchor bolts
Four-story Student Union CBF No structural damage observed
Building, California State
University at Northridge
Roof structure for the bleachers Other | Failure of anchor bolts (uplift)
of the football field
Four-story Oviatt Library, CBF Failure of brace connecting plates;
California State University at cracking of baseplates; yielding of
Northridge anchor bolts
Three-story building under CBF, | Buckling of bracing members
construction in Van Nuys MRF
Four-story No. 2 Brew-house, CBF Buckling of bracing members
Anheuser-Busch Co. Inc.
Department of Water and CBF No structural damage observed
Power San Fernando Generating
Station
Four-story commercial office CBF Buckling and failure of brace-welded
structure connections; failure of beam-column
moment connections
Two-story fashion plaza CBF, | Cracking in floor slab; buckling of
MRF | bracing members

Note: Information in this table is based on Tremblay et al., 1995.

Many post-earthquake safety assessments use the guidelines provided in
ATC-20, Procedures for Postearthquake Safety Evaluation of Buildings
(ATC, 1989; 2005). The ATC-20 safety assessment procedure is a rapid
evaluation tool that focuses on the integrity of the structural system.

Inspectors are instructed to affix a placard (colored tag) on an inspected

structure, according to the following guidelines:

Inspected Placard (green tag). No apparent hazard found, although

repairs may be required. Original lateral load capacity not significantly

decreased. No restriction on use or occupancy.

Restricted Use Placard (yellow tag). Dangerous condition believed to

be present. Entry by owner permitted only for emergency purposes and

2-4
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only at own risk. No usage on a continuous basis. Entry by public not
permitted. Possible major aftershock hazard.

e Unsafe Placard (red tag). Extreme hazard, may collapse. Imminent
danger of collapse from aftershock. Unsafe for occupancy or entry,
except by authorities.

The 10 steel buildings listed in Table 2-2 represent a small fraction of all of
the steel CBF buildings in the area of strongest ground motions, although the
total number of steel CBF buildings is not known. For reference, post-
carthquake safety evaluations of 114,039 potentially damaged buildings
included 10,393 commercial and industrial buildings, of which 637 (6.1
percent) were deemed unsafe and assigned red tags (OES, 1995). Those
safety inspections included 189 “steel frame” buildings, of which 10 (5.3
percent) were assigned red tags (OES, 1995), where “steel frame” does not
distinguish between braced-frame and moment-frame construction. Only a
fraction of all buildings was safety inspected, and red tag percentages based
on the number of inspected buildings, rather than the total number of
buildings in the affected area, represents an upper bound on observed
damage rates.

More meaningful estimates of red tag percentages are shown in Figure 2-1
for wood buildings and for other (non-wood) buildings for each of five
Modified Mercalli Intensity (MMI) regions (V through IX). Here, the red tag
percentage is the ratio of the number of buildings assigned a red tag (OES,
1995) to the number of buildings in the MMI region of interest (Kircher et
al., 2006). Red tag percentages are plotted as a function of the average value
of 0.3-second response spectral acceleration of the MMI region of interest
(Kircher et al., 2006). Non-wood buildings include three primary
construction classes: (1) steel frame; (2) concrete frame; and (3) brick, block,
or poured-in-place concrete (e.g., tilt-up construction). Non-wood
construction classes are grouped together since the red tag percentages could
not be reliably estimated for individual construction classes (other than
wood). For example, steel-frame buildings represent less than 0.1 percent of
all buildings in Los Angeles County (OES, 1995).
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Figure 2-1 Percentage of wood and non-wood buildings assigned a
red tag as a function of 0.3-second response spectral
acceleration for five MMI regions (V-IX) based on post-
earthquake safety inspections following the 1994
Northridge earthquake.

As shown in Figure 2-1, red tag percentages are quite low, less than 1.0
percent, even for the MMI IX region (e.g., average 0.3-second response
spectral acceleration of 1.35g). The number of buildings assigned a red tag is
shown in the figure for MMI regions VII, VIII and IX. For example, only 25
of the 313 non-wood buildings assigned a red tag are in the MMI IX region,
none of which is steel-frame construction. That is, qualitatively, non-wood
buildings have similar trends and values of red tag percentages as wood
buildings (e.g., about 1.0 percent for the MMI IX region) and steel frame
construction appears to perform somewhat better, on average, than wood and
other construction classes (although the paucity of data precludes reliable
quantification of this observation).

2.2.4 Steel Braced-Frame Building Damage in the 1995 Kobe
Earthquake

The M6.8 Kobe earthquake of January 17, 1995, is one of the most
significant events to affect an urban region of modern construction and, other
than the 2012 Tohoku tsunami, the most devastating earthquake to hit Japan
since 1923, when the Great Kanto earthquake destroyed Tokyo and
Yokohama. Severe ground shaking was felt throughout Kobe and other
nearby cities of the Hyogo Prefecture that were located close to fault rupture.
Figure 2-2 is a map of the southern portion of the Hyogo Prefecture and
neighboring areas of the Osaka Prefecture showing Kobe City and other
nearby cities of the region affected by the 1995 Kobe earthquake (i.e., the
near-fault zone identifies areas within 5 km, or 3.1 miles, of fault rupture).
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Figure 2-2 Southern portion of Hyogo Prefecture and neighboring areas of
the Osaka Prefecture showing Kobe City and other nearby cities
of the region affected by the 1995 Kobe earthquake (figure
credit: Risk Management Solution, Inc.).

The 1995 Kobe earthquake caused the death of 6,434 people, approximately
4,600 of whom were from Kobe, and serious injury to more than 25,000
people, and forced as many as 300,000 people to seek temporary shelter.
Lifeline systems were severely damaged, in particular highway and railway
lifelines and port facilities. The Port of Kobe, which was the third largest
container cargo port in Japan before the earthquake, was completely closed.
Structures near the shoreline and on man-made Port and Rocco Islands, unless
supported by deep foundations, were severely damaged by liquefaction.

The earthquake caused approximately $100 billion in damage, 2.5 percent of
the gross domestic product of Japan at the time of the earthquake, of which
an estimated $80 billion was due to building damage. Of the $80 billion in
direct losses to buildings, about 10 percent was due to fire. Building damage
due to ground shaking was the primary cause of loss of life and serious
injury, as well as direct and indirect economic losses.

The region affected by the 1995 Kobe earthquake included Kobe City and
other nearby cities with a total population of about 4 million people (based
on Japanese census data), and an estimated 800,000 buildings (assuming five
people per building, on average), as summarized in Table 2-3.
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Table 2-3 Approximate Populations and Estimated Number of
Buildings in Areas Affected by the 1995 Kobe Earthquake

Area Affected by

Earthquake Population (x 1 Million) Number of Buildings
Hyogo Prefecture:

Kobe 1.5 300,000

Other Cities 2.0 400,000

Total 3.5 700,000
Other Prefectures 0.5 100,000
Total (All Areas) 4.0 800,000

Based on post-earthquake damage surveys by the Architectural Institute of
Japan (AlJ) through April of 1995, more than 150,000 of the estimated
800,000 buildings in the affected region had either severe structural damage
or had collapsed, as summarized in Table 2-4.

Table 2-4 Collapse Damage, Severe Damage, or Fire Damage of
Buildings Affected by the 1995 Kobe Earthquake

Area Affected by
Earthquake Collapse Damage

Severe Damage Fire Damage
Hyogo Prefecture:
Kobe 54,949 31,783 7,733
Other Cities 26,257 31,043 79
Total 81,206 62,826 7,456
Other Prefectures 885 5,217 0
Total (All Areas) 82,091 68,043 7,456

Note: Information in this table is based on AlJ, 1995a.

Building damage varied greatly from one neighborhood to another influenced
by local site conditions and other factors. In general, however, buildings in
areas close to fault rupture were much more likely to have sustained collapse
or severe structural damage. This is illustrated in Table 2-5, which shows the
number of buildings with severe or collapse damage (referred to as
“complete damage” in the table) for all areas of Hyogo Prefecture affected by
the earthquake (144,032 buildings) and the number of buildings with severe
or collapse damage for those areas within 5 km of fault rupture (131,355).
That is, more than 90 percent of the buildings that suffered severe damage or
had collapsed were located within 5 km of fault rupture. Table 2-5 also
shows the approximate number of buildings located within 5 km of fault
rupture (375,000, or about one-half of all Hyogo Prefecture buildings in the
affected region). Approximately 21 percent (i.e., 77,259 / 375,000) of the
buildings located within 5 km of fault rupture had collapse damage, whereas
only about 1.2 percent (i.e., (81,206 — 77,259) / (700,000 — 375,000)) of the
buildings located farther than 5 km from fault rupture had such damage.
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Table 2-5 Number of Buildings that Collapsed or Suffered Severe
Damage in Areas Affected by the 1995 Kobe Earthquake

Area Affected Number of | Collapse Severe
by Earthquake Buildings Damage Damage
All Wards/Cities 700,000 81,206 62,826
Within 5 km of Fault 375,000 77,259 54,096
Complete Damage (All Areas) 144,032 (~20%)
Complete Damage (within 5 km of Fault) 131,355 (~35%)

Building damage summarized in Table 2-5 includes all building types
(structural systems), occupancies (building use), and design vintages. In
Kobe City, building use can be divided crudely into: (1) low-rise residential
buildings; (2) smaller commercial and mixed-use buildings; (3) mid-rise
residential and commercial buildings; and (4) high-rise (>60 m, or 197 feet)
buildings. Short-period, low-rise residential and smaller commercial and
mixed-use buildings were by far the most common types of buildings
(roughly 90 percent of all buildings) and were also the most likely building
types to be damaged in the 1995 Kobe earthquake.

The very high rate of collapse of short-period low-rise residential and smaller
commercial and mixed-use buildings (i.e., greater than 20 percent in areas
within 5 km of fault rupture) in the 1995 Kobe earthquake was largely due to
the vulnerability of older construction built prior to the enforcement of the
Japanese Building Standard Law (1981), but was also due to the intensity of
the ground motions, particularly at sites near fault rupture. Although the
buildings are essentially of the same construction both near and farther from
the fault rupture, the collapse rate was only about 1 percent in areas farther
than 5 km from fault rupture.

The preliminary earthquake reconnaissance report of the Architectural
Institute of Japan (AlJ, 1995a), which provides the basis for the overall
damage data reported in Table 2-4, also provides summaries of damage by
building location and structure type. A total of 1,776 steel buildings were
investigated, of which 457 (26 percent) were collapsed or had suffered severe
damage. The relatively high percentage of steel building collapses (26
percent) is consistent with collapse percentage for all buildings located within
5 km of fault rupture (21 percent). The 1,776 steel buildings surveyed
included steel buildings of all vintages and construction type.

A more focused and in-depth reconnaissance of observed damage to 988
“modern” steel buildings was performed by The Steel Committee of Kinki
Branch of the AlJ (AlJ, 1995b). Older steel buildings with light-gauge
columns were omitted from the survey. The steel buildings surveyed included

FEMA P-2139-4 2: Observed Response and Performance Benchmarks

2-9



three structure types: (1) moment frames (370 buildings); (2) braced frames in
one direction and moment frames in the other (123 buildings); and (3) braced
frames in both directions (26 buildings), with 469 buildings of unknown
structure type. Of the 988 steel buildings surveyed, 90 buildings (9.1 percent)
were rated as collapsed, and of the 149 buildings with braced frames in one or
both directions, 10 buildings (6.7 percent) were rated as collapsed.

Damage was associated with the bracing type (where bracing type was
known), distinguishing between rods, angles, and flat bars (‘“smaller” braces)
and round tubes, wide flanges, square tubes, and channels (“larger” braces).
Of the 165 steel buildings with “smaller” braces, 14 (8.5 percent) were rated
as collapsed, and of the 60 steel buildings with “larger” braces, none (0
percent) was rated as collapsed (Tremblay et al., 1996). Of the 227 steel
buildings of unknown bracing type, 15 (6.6 percent) were rated as collapsed.
The “larger” brace types (e.g., tubes) are representative of steel SCBFs used
in the United States; the “smaller” brace types (e.g., rods and flat bars) are
not (i.e., tension-only bracing is not permitted in regions of high seismicity
by U.S. building codes). Although there are no reported collapses of steel
buildings with “larger” brace types, some of the 15 steel buildings of
unknown bracing type that were rated as collapsed could have had such
bracing.

2.3 Benchmark Target Collapse Rates of Steel SCBF
Buildings

Observations of steel SCBF building performance in past earthquakes is
limited and not sufficient to develop a quantitative measure of collapse
failure rates. Qualitatively, however, collapse performance of modern short-
period steel SCBF buildings appears to be similar to that of wood buildings.

As shown in Figure 2-1, non-wood building red tag damage data are sparse,
but evidence from other events (e.g., the 1995 Kobe earthquake) for which
data are more reliable for generating collapse statistics suggests that steel
braced frame buildings have collapse rates that are no larger than that of
wood buildings. Hence, for the purposes of this study, benchmark target
collapse rates for modeled performance of steel SCBF buildings are assumed
to be the following:

e One-Story Buildings. 1 percent (0 percent to 2 percent) probability of
collapse given MCERr ground motions of Sys = 1.5g; and

e Two-or-More-Story Buildings. 2.5 percent (0 percent to 5 percent)
probability of collapse given MCER ground motions of Sys = 1.5g.

2-10
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Benchmark MCERr collapse probabilities represent building collapse that
includes both partial collapse and full collapse of the building structure,
consistent with the ASCE/SEI 7-10 and FEMA P-695 definition of collapse.
The higher benchmark MCEg collapse probabilities for buildings two stories
or more in height are based on an observed first-story failure mechanism of
wood light-frame buildings and may not be applicable to other collapse
failure modes (e.g., foundation rocking) of steel SCBF buildings, which have
not been observed.
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Chapter 3

Development of Building
Archetype Configurations
and Designs

3.1 Introduction

The archetype buildings selected for this study were intended to represent
code-compliant modern construction for common occupancies that routinely
adopt a steel structural system with lateral loads carried by special
concentrically braced frames (SCBF). Design methods and details chosen
were not intended to represent special or innovative designs, but rather
typical practice exercised with the normal standard of care in the design of
routine buildings.

The first consideration in the design of the archetype buildings was to
establish the age and historic design approach appropriate for the study. The
variation in steel SCBF building design among the stock of existing buildings
in earthquake-prone regions in the United States is broad, due in large part to
the continuing evolution of seismic-design philosophy for braced frames over
the past four decades. It was determined that the objectives of the study
could be achieved more efficiently by selecting archetype buildings designed
according to current codes rather than selecting archetypes that reflected
variations in past seismic-design practice. The information presented in this
chapter, in conjunction with additional design details provided in

Appendix A, provides the basis for the numerical models described in
Chapter 4.

3.2 Factors Influencing Building Performance

This section presents factors that are expected to influence the seismic
response and performance of short-period steel SCBF buildings, and thus
were considered in the selection and design of the study’s archetypes.

3.2.1 Seismic Design Level

This study focused on the performance of short-period steel SCBF buildings
in regions of high seismicity. This study defined “high-seismic” demand to
be a location where the MCERr ground motion is characterized by a mapped
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short-period spectral response acceleration (Ss) of 1.5g. For ordinary soil
profiles, this corresponded to a short-period MCEr spectral response
acceleration adjusted for site class effects (Sys) of 1.5g. This level of
seismicity places ordinary occupancy buildings in Seismic Design Category
(SDC) D in the 2015 IBC and ASCE/SEI 7-10.

To capture more severe seismic hazard levels (such as sites located relatively
close to a fault), archetype designs were also prepared for 150 percent of the
high-seismic short-period MCERr spectral response acceleration. Termed
“very high seismic” in this study, Sus = 2.25g is high enough that the mapped
one-second MCER spectral response acceleration, S;, will often place the
building into SDC E. For the archetypes, S; = 0.9 > (.75, so the design rules
for Seismic Design Category E were applied in the “very high-seismic”
designs in this study.

3.2.2 Occupancy and Architectural Influence on Structure
Configuration

Steel is a versatile and widely used structural material in different building
types and occupancies. However, for steel buildings, the occupancy is
unlikely to significantly affect the layout and design of the seismic-force-
resisting system. As a result, the steel SCBF building type was sufficiently
represented by a single occupancy that is common nationwide: commercial
office occupancies (with archetypes designated as “COM”). For commercial
occupancies, a Risk Category Il was considered appropriate, requiring a
seismic importance factor of 1.0.

In keeping with the common characteristics of economically designed
commercial office buildings, all the archetypes in this study shared a
symmetrical rectangular plan, 90 feet x 150 feet, with a regular grid of 30-
feet x 30-feet bays. The gravity-load-resisting system included beams
spaced 10-feet apart, framing to 30-foot girders. Other grid spacings are
common in steel buildings. For example, it is generally economical to
choose rectangular bays with longer beams framing to shorter girders, which
would result in some shorter braced bays. However, it was determined that
maintaining bi-directional symmetry was sufficiently representative of
common practice and simplified the numerical modeling.

All baseline archetypes had two braced bays on each exterior face of the
building. The braces occupied entire 30-foot bays and were continuous from
roof to foundation. To limit brace lengths, all braces were in a chevron form
or a super-X (mirrored chevron braces from one level to the next).
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Finally, building height was an important parameter. This study looked at
archetypes of one story, two stories, and four stories, but not taller because
the scope was limited to short-period structures.

3.2.3 Steel Concentrically Braced Frame Design and
Construction Practice

The history of steel concentrically braced frame (CBF) construction over the
last 100 years has included considerable evolution of design and construction
practice. An investigation of archaic design practice was beyond the scope
of this study, so all archetypes were designed according to current American
Institute of Steel Construction (AISC) specifications for SCBFs.

Steel concentrically braced frames are composed of braces and gusset plates
connected to beams and columns. The centerlines of the braces, beams, and
columns join at a single, concentric, or nearly concentric, point. In addition
to the braces, seismic response of CBFs also includes significant
participation of the beams and columns through moment-resisting frame
action, whether or not the frame has been designed to be moment resistant.

Although a wide variety of cross-sectional shapes have historically been used
for braces, current designs typically use square or round hollow structural
sections (HSS) or wide-flange sections. Welded or bolted connections are
used to connect the brace to the gusset plate and the gusset plate to the beams
and columns.

Many bracing configurations exist. Figure 3-1 illustrates the more typical
configurations, including: single diagonal braced bay; opposing paired braces
in single-story X; multi-story X; and inverted V (or chevron).

e rrrrr rr rr /T \ﬂ' 7 77

Diagonal bracing X-bracing Multistory X-bracing Inverted V-bracing
(Chevron)

Figure 3-1 Typical CBF configurations (Sabelli et al., 2013).

Prior to publication of the 1988 version of the Uniform Building Code (UBC)
(ICBO, 1988), building codes required that braces and other framing
elements be designed for a specified lateral force without consideration of
failure hierarchy or mode. Nonlinear behavior of many of these frames was
controlled by failure of the brace-to-gusset plate or gusset plate-to-frame

77

V-bracing
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FEMA P-2139-4 3: Development of Building Archetype
Configurations and Designs

3-3



connection. The 1988 UBC introduced significant changes in seismic
design, including capacity-design principles intended to provide CBF
components of sufficient strength to ensure that braces could yield in tension
and buckle in compression without failure of other framing elements. These
capacity-design requirements continued to evolve over the period 1988—
1994, when the concept of SCBFs was first introduced and differentiated
from other CBFs, classified as “ordinary.” Today the building code
recognizes three types of CBFs: “Special,” “Ordinary,” and “Systems not
Specifically Detailed for Seismic Resistance.” SCBFs are designed with full
consideration of capacity-design principles. Important components of these
capacity-design principles are summarized in the following list:

e limiting bracing configurations to complete concentric systems

e where chevron pattern braces are used, ensuring that beams at the apex
of the braces are capable of resisting the unbalanced loading that occurs
after buckling of the compression brace

e ensuring that columns in CBFs have adequate axial capacity to resist the
imposed forces from the braces

e ensuring that the portion of lateral resistance provided by braces in
compression is similar to that provided by braces in tension

¢ limiting member and cross-sectional slenderness ratios for braces and
framing members to ensure ductile behavior

e requiring connections to develop the expected brace capacity and to
accommodate end rotation of the brace

e requiring demand-critical welds for yielding elements

One of the more important requirements to ensure that post-elastic CBF
behavior is possible is to design end connections of braces to develop the
strength of the brace in both compression and tension. By following AISC
design recommendations for SCBFs, the archetype designs were expected to
have brace-end connections capable of developing the brace strengths to
accommodate rotations associated with brace buckling.

3.2.4 Site Class and Foundation Systems

This study investigated the effects of soil-structure interaction and foundation
flexibility, comparing building response and collapse performance on sites
with stiff and soft soils. Unique designs were prepared for each site using
different allowable soil bearing pressures and moduli of subgrade reaction.
Both sites were characterized as Site Class D.
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There is often an association between site characteristics and foundation
type. Typically, piles or caissons are used with soft soil, whereas shallow
spread footings are used with firmer sites. Exceptions include “poor” sites
with soft soils, liquefaction potential, or expansive soil. For the purposes of
this study, a shallow spread-footing foundation with a slab-on-grade was
selected. Interior columns were supported on isolated spread footings, and
exterior walls were supported on continuous stem walls supported on
continuous strip footings. A slab-on-grade at the ground level was located
above the interior isolated footings and inside the exterior stem walls. The
selected foundation system was considered representative of typical systems
and appropriate for studying the inclusion or exclusion of foundation
flexibility in response prediction.

3.2.5 Architectural and Nonstructural Components

In the context of this study, “architectural and nonstructural components” are
intended to include light-framed partition walls, building envelope systems,
drywall, stucco, and other similar lightweight finishes. The effects of
architectural and nonstructural components on the behavior of steel-braced
frame buildings were assumed to be small because the mass and stiffness of
these components are usually small relative to the properties of the structure
itself and because architectural systems tend to be connected to the structure
through light, flexible connections. The influence of architectural and
nonstructural components on the seismic response of the archetypes was not
included in this study.

3.3 Previous Studies Including Braced-Frame Archetypes

Archetype configurations were selected to be consistent with, but not
necessarily identical to, those used in previous studies. The following
sections describe selected previous reports that included braced-frame
archetypes and that informed the archetype configurations of this study.

3.3.1 FEMA Model Building Types

FEMA Model Building Types (MBTs) define different types of structural
systems in terms that are believed useful for characterizing seismic
performance. These designations have been used extensively in FEMA

publications, such as FEMA 547, Techniques for the Seismic Rehabilitation of

Existing Buildings (FEMA, 2006), and FEMA P-154, Rapid Visual Screening
of Buildings for Potential Seismic Hazards: A Handbook (FEMA, 2015a).

A list of FEMA MBTs from FEMA P-154 is shown in Table 3-1. Steel
braced frames are designated S2 and illustrated in Figure 3-2. The
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archetypes in this study were consistent with the FEMA MBTs described in
FEMA 547 and FEMA P-154.

Table 3-1 FEMA Model Building Types

W1 Light wood frame single- or multiple-family dwellings of one or more
stories in height

WI1A Light wood frame multi-unit, multi-story residential buildings with plan
areas on each floor of greater than 3,000 square feet

W2 Wood frame commercial and industrial buildings with a floor area
larger than 5,000 square feet

S1 Steel moment-resisting frame

S2 Braced steel frame

S3 Light metal frame

S4 Steel frame with cast-in-place concrete shear walls

S5 Steel frame with unreinforced masonry infill walls

C1 Concrete moment-resisting frame

C2 Concrete shear wall

C3 Concrete frame with unreinforced masonry infill walls

PC1 Tilt-up construction

PC2 Precast concrete frames

RM1 Reinforced masonry with flexible floor and roof diaphragms

RM2 Reinforced masonry with rigid floor and roof diaphragms

URM Unreinforced masonry bearing-wall buildings

MH Manufactured housing

Building Type S2 consists of a frame assembly
of steel beams and columns. Lateral forces are
resisted by diagonal steel members placed in
selected bays. Floors are cast-in-place concrete
slabs or metal decks infilled with concrete.
Building Type S2A is similar but has floors and
roofs that act as flexible diaphragms such as
wood or untopped metal deck.

S2/S2A: Steel Braced Frames

Figure 3-2 Steel braced frame archetype (S2) from FEMA 547.
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3.3.2 NIST GCR 10-917-8 Evaluation of the FEMA P-695 Methodology

for Quantification of Building Seismic Performance Factors

NIST GCR 10-917-8, Evaluation of the FEMA P-695 Methodology for
Quantification of Building Seismic Performance Factors (NIST, 2010),
established model building types used for evaluation of collapse probability
using the FEMA P-695 methodology. Braced-frame archetypes from NIST
GCR 10-917-8 are illustrated in Figure 3-3 and Figure 3-4. The archetypes
in this study were consistent with the short-period two-story and three-story
building types described in NIST GCR 10-917-8. However, archetypes in
this study had plan dimensions that were one 30-foot bay less in each
direction, and building heights were limited to four stories or less to keep
periods of vibration in the short-period range. The baseline archetypes in this
study included two braced bays instead of one on each face of the building.

2 b
Figure 3-3 Braced-frame archetype elevations from
NIST GCR 10-917-8.
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Figure 3-4 Braced-frame archetype plan from

NIST GCR 10-917-8.
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3.4 Archetype Design Criteria

This section documents the basic design criteria for the archetype SCBF steel
buildings that were used in this study. Detailed documentation of the designs
for each archetype is provided in Appendix A.

3.4.1 Applicable Codes and Standards

The codes and standards referenced for the design of the SCBF archetypes
were:

e [IBC2015,

e ASCE/SEI 7-10,

e AISC Steel Construction Manual, 14™ Ed. (AISC, 2011),

e ANSI/AISC 360-10, Specification for Structural Steel Buildings (AISC,
2010a), and

e ANSI/AISC 341-10, Seismic Provisions for Structural Steel Buildings
(AISC, 2010b).

For the design of the steel superstructure of all archetypes, ASCE/SEI 7-10
Section 12.4 strength-level load combinations were used, including the
vertical component, £,. The steel members were designed for the governing
limit states and requirements of both ANSI/AISC 360-10 and ANSI/AISC
341-10, using the load-and-resistance-factor-design (LRFD) method.

3.4.2 Gravity Loads

Gravity loads assumed for the archetype designs are summarized in
Table 3-2 and in Appendix A

Table 3-2 Gravity Loads used for Design of Steel SCBF Archetypes

Floor Live Partition Floor Dead Exterior Wall

Building Load Load Load Dead Load
Type (psf) (psf) (psf) (psf)

COM 50 15 81 25 10

3.4.3 Seismic Loads and Design Criteria

Archetype designs were developed for two different seismic criteria
summarized in Table 3-3. These criteria followed the seismic-design loading
requirements of Section 5.2.2 of FEMA P-695 considering typical intensities
of MCER ground motions in regions of high seismicity.
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Table 3-3  Seismic Loads Used for Design of Steel SCBF Archetypes

MCEr Ground Motion Definition

Seismic | Seismic Design

Design Category Ss

Level (SDC) (g
Very High E 0.90 2.25 1.0 2.25 1.5
High D 0.60 1.50 1.0 1.50 1.0

Seismic design criteria were established by ASCE/SEI 7-10 requirements for
the equivalent-lateral-force (ELF) method. The design coefficients and
factors for the seismic-force-resisting system are given in Table 12.2-1 of
ASCE/SEI 7-10 as:

e R=6,
e (p=2,and
o Cd:5.

Table 3-4 summarizes the basic seismic design criteria used for the archetype

designs.
Table 3-4  Seismic Design Criteria used for Design of Steel SCBF
Archetypes
Seismic Design Criteria
No. of

Archetype ID Stories
COM1B 1 D 1.5 0.25 1.0 0.167
COM2B 2 D 1.5 0.34 1.0 0.167
COM3B 4 D 1.5 0.57 1.0 0.167
COM4B 1 E 2.25 0.25 1.0 0.250
COMS5B 2 E 2.25 0.34 1.0 0.250
COM6B 4 E 2.25 0.57 1.0 0.250
COM2B-BC 2 D 1.5 0.34 1.0 0.167
COM3B-BC 4 D 1.5 0.57 1.0 0.167
COM2B-NR 2 D 1.5 0.34 1.3 0.167
COM2B-SS 2 D 1.5 0.34 1.0 0.167
COM3B-SS 4 D 1.5 0.57 1.0 0.167
COM2B-NMF 2 D 1.5 0.34 1.0 0.167

* The design period is defined as T = C,T, = 0.25 seconds, in accordance with the
requirements of FEMA P-695, where the values of the parameters C, and T, are
specified by ASCE/SEI 7-10. T = C,T, = 0.2 seconds for COM1B and COM4B but was
taken as 0.25 seconds for design per the requirements of FEMA P-695.
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3.4.4 Foundation Design Criteria

Soil properties were assumed to represent typical West Coast sites as
described in Appendix B and summarized in Table 3-5. Assumed site-
specific properties of soils used for foundation design are summarized in
Table 3-6. The foundations for the baseline archetypes were designed for
stiff soils (3000 psf allowable bearing pressure). The soil-structure
interaction and foundation flexibility parametric study investigated the
performance of archetypes designed for stiff and soft soils, where the stiff
soils were assumed to have a 3,000 psf allowable bearing pressure, and the
softs soils were assumed to have a 1,500 psf allowable bearing pressure.
Both stiff and soft sites were characterized as Site Class D.

Table 3-5 Site Characteristics for Soil-Structure Interaction and
Foundation Flexibility Parametric Study

Site | Vsso | Vs
Class Near Surface Soil (m/s) (m/s)
Soft D Unsaturated clay 183 ~100 S.=32 kPa
Stiff D Dense sand 354 ~295 @' = 40°
Table 3-6 Foundation Criteria used for Design of Steel SCBF
Archetypes
Site class D
Allowable soil bearing pressure (stiff soil) 3000 psf
Allowable soil bearing pressure (soft soil) 1500 psf
Modulus of subgrade reaction (stiff soil) 129 kip / cu ft
Modulus of subgrade reaction (soft soil) 60 kip / cu ft
Minimum footing depth 12 in

3.5 Archetype Configurations and Designs

This section describes the archetype configurations and designs, which were
meant to broadly represent common steel braced-frame buildings routinely
encountered in practice. Table 3-7 lists the archetypes described in the
following sections. Any cell without a unique identifier indicates that the
archetype was not included in the study.
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Table 3-7 Steel SCBF Baseline and Variant Archetypes

Soil-Structure
Interaction and No Reserve

No. of Baseline Brace No Foundation Moment
Stories SDC | Configuration Configuration Redundancy Flexibility Frame

Commercial Buildings: High Seismic
1 D COM1B - - - -
2 D COM2B COM2B-BC COM2B-NR COM2B-SS COM2B-NMF
4 D COM3B COM3B-BC - COM3B-SS -
Commercial Buildings: Very High Seismic
1 E COM4B - - - -
2 E COMS5B - - - -
4 E COM6B - - - -

3.5.1 Baseline Configurations
Basic Geometry and Materials

The baseline configurations represent the best estimates for response
behavior and collapse performance of steel SCBF buildings. The baseline
designs also formed the basis of comparison to variant archetypes
summarized in Table 3-7.

The conceptual layout of the building plan is shown in Figure 3-5. The plans
for all archetypes in the study shared the following characteristics:

e Rectangular plan: 90 feet x 150 feet.

e Grid spacing: 30 feet x 30 feet.

e Floor-to-floor height: 14 feet.

e Structurally symmetrical in each plan direction.

e Seismic-force-resisting system on the building faces.

e Floors: 3-inch normal-weight concrete over 2-inch, 18-gauge composite
deck supported on composite wide-flange beams at 10-feet on center.

e Roof: 3-inch roof deck over wide-flange beams at 10-feet on center. One
full bay at the center of the building was assumed to have a concrete
deck and mechanical loading.
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Figure 3-5 Plan configuration of all baseline archetypes.

In elevation, the baseline archetypes included three heights (one story, two
stories, and four stories) with brace configurations as illustrated in
Figure 3-6.
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Figure 3-6 Brace elevations.

The three high-seismic baseline archetypes are illustrated in isometrics in
Figure 3-7, Figure 3-8, and Figure 3-9. The isometrics for the very high-
seismic archetypes, which are not shown, are nearly identical to those of the
high-seismic archetypes, with differences being in relative sizes of
foundations, braces, and other structural elements.
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Figure 3-7 COMT1B: one-story baseline archetype.

Figure 3-8 COM2B: two-story baseline archetype.

Figure 3-9 COM3B: four-story baseline archetype.

Braced-Frame Design

In practice, many different brace shapes—including wide flange, square,
rectangular and round HSS—and sizes can be selected to satisfy project
requirements. For this study, square HSS was chosen to represent a common
choice for low-rise building SCBF braces. Square HSS had the additional
benefit that the shape has been widely used in research. All HSS shapes
were selected to meet the width-to-thickness ratio (b/f) requirements of
ANSI/AISC 341-10.

Braces were designed assuming that forces were equally distributed between
tension and compression braces, with the compression limit state governing
the designs. Brace sizes were selected to produce a design demand-to-design
capacity ratio (D/C) closest to 1.0 (D/C ratios for all designs can be found in
Appendix A). This included using HSS shapes that are allowed by code but
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that may not be readily available or used commonly in practice, including
HSS 3 1/2x3 1/2, HSS 4 1/2x4 1/2, and HSS 5 1/2x5 1/2.

The details for the anchorage of columns and braces to foundations can vary
widely in practice. For this study, tension anchor rods were used to resist
uplift, and lap plates and embed plates were used to transfer shear.
Anchorage was designed assuming the full yielded capacity of the anchor
rods would be reached before concrete breakout. Anchor rods were sized to
develop the strength of the yielded tension braces according to ANSI/AISC
341-10 Section D2.6.

Necessarily, a number of decisions were made in the archetype designs in
this study that can vary in practice from one engineer or locality to another.
For example, the material grade for the braced-frame gusset plates was
selected to be A36, but it could have been A572 Gr. 50. In this study, such
choices were evaluated based on the most common approach for the element
and on the likely impact of the design choice on the collapse probability
analysis. In the case of the gusset yield strength, for example, it was
determined that the difference would not materially affect the analysis
results.

Foundation Design

The general approach to the foundation design was to use a continuous
shallow footing across the width of the braced frames, sized to satisfy
stability from overturning and allowable soil bearing pressures. The stability
of the system from overturning used ASCE/SEI 7 Section 12.4 strength-level
load combinations, including vertical load effects, £,. A 25 percent
reduction in overturning moment was applied in accordance with

ASCE/SEI 7 Section 12.13.4. To satisfy allowable bearing pressures, the
design of the continuous footings at the braced frames used ASCE/SEI 7
Section 12.4 service-level load combinations, including vertical load effects,
E,. A 25 percent reduction in overturning moment was applied in accordance
with ASCE/SEI 7 Section 12.13.4. Refer to Appendix A for more
information on archetype foundation design.

3.5.2 Parametric Studies

Having established the baseline archetypes, four parametric studies were
conducted to examine the influence of common variations on observed
behavior and collapse performance:

1. Brace Configuration Parametric Study: Structures with chevron brace
configurations instead of super-X configurations.

FEMA P-2139-4

3: Development of Building Archetype 3-14
Configurations and Designs



2. No Redundancy Parametric Study: Structures with a single, non-
redundant braced bay on each face.

3. Soil-Structure Interaction and Foundation Flexibility Parametric Study:
Structures with foundations analyzed including the effects of soil-
structure interaction and foundation flexibility.

4. No Reserve Moment Frame Parametric Study: Structures with the
reserve moment-frame action within the braced frames removed.

Brace Configuration Parametric Study

The influence of brace configuration on behavior and collapse probability
was investigated for the two-story and four-story high-seismic archetypes
(Figure 3-10 and Figure 3-11). In the baseline archetypes, the two-story and
four-story braces had super-X configurations. In the parametric variations, a
chevron-type brace elevation was adopted. (Note that for the one-story
baseline archetype, the brace configuration was necessarily a chevron
configuration as well.) Details of the designs are presented in Appendix A.
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Figure 3-10 Plan configuration of COM2B-BC and COM3B-BC for the brace
configuration parametric study (identical to COM2B and
COM3B).
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Figure 3-11

Typical two- and four-story brace elevation

configurations of COM2B-BC and COM3B-
BC, respectively, for the brace configuration
parametric study.

No Redundancy Parametric Study

The influence of brace redundancy on behavior and collapse probability was

investigated for the two-story high-seismic archetype (Figure 3-12 and

Figure 3-13). For the baseline archetypes, the redundancy factor (p), as
defined in ASCE 7-10 Section 12.3.4.2, had a value of 1.0. For the
parametric variation, the number of braced bays on each face was reduced

from two to one, and the redundancy factor was set as equal to 1.3. Details

of the design are presented in Appendix A.
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Figure 3-12 Plan configuration of COM2B-NR for the no redundancy
parametric study.
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(2) X 14’ = 28’
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Figure 3-13 Typical brace elevation configuration of
COM2B-NR for the no redundancy
parametric study (identical to COM2B).

Soil-Structure Interaction and Foundation Flexibility Parametric Study

The influence of soil-structure interaction (SSI) and foundation flexibility on
behavior and collapse probability was investigated for the two-story and
four-story high-seismic archetypes (Figure 3-14 and Figure 3-15). Details of
the foundation designs are presented in Appendix A.
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Figure 3-14 Plan configuration of COM2B-SS and COM3B-SS for the SSI
parametric study (identical to COM2B and COM3B).
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Figure 3-15 Typical brace elevation configuration of
COM2B-SS for the SSI parametric study
(identical to COM2B).
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No Reserve Moment Frame Parametric Study

The influence of the removal of the reserve moment frame within the braced
frames on behavior and collapse probability was investigated for the two-
story high-seismic archetype. The design for the COM2B-NMF archetype
was the same as that for the COM2B archetype, so no additional design
information is provided. However, changes were made to modeling
assumptions for the purposes of the parametric study, as described in
Chapter 4.
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Chapter 4

Numerical Modeling for
Parametric Studies

4.1 Introduction

Steel concentrically braced frames (CBFs) are composed of braces, gusset
plates, beams, and columns. The centerlines of the braces, beams, and
columns join at a single concentric point. Key components include diagonal
braces, typically hollow structural sections (HSS) or wide-flange sections
(although other sections may be used); gusset plates; columns; and beams
(the latter are sometimes referred to as framing elements). Figure 4-1 shows
a typical braced frame with these key components highlighted.

g e N T
= T @ Buckling Brace

@ Corner Gusset Plate

Figure 4-1 Components of a CBF.

The braces are the primary source of lateral resistance in CBFs. For buckling
braces, opposing brace pairs are used to provide symmetrical resistance, and
configurations include a single diagonal braced bay and opposing paired braces
arranged in a single-story X, multi-story X, or chevron (i.e., inverted V).

Figure 4-2 shows the idealized cyclic response of paired buckling braces.
Under compressive loading, the brace buckles and a “plastic hinge” forms at
the center of the brace. Figure 4-3 shows photos of an HSS brace undergoing
cyclic compressive and tensile loading. As the buckled brace is subjected to
tension forces, the brace straightens and yields. Ultimately, the brace
fractures in tension following development of local buckling and large local
deformations in compression. As Figure 4-2a indicates, the tensile and
compressive capacities of buckling braces are different; placing the braces in
pairs results in symmetric behavior, as shown in Figure 4-2c. Notably in
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Figure 4-2c, the total cyclic response of the braced frame is due to both the
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braces and the surroundi