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Preface

The NEHRP Consultants Joint Venture is a partnership between the Applied
Technology Council (ATC) and the Consortium of Universities for Research in
Earthquake Engineering (CUREE). In 2007, the National Institute of Standards and
Technology (NIST) awarded a National Earthquake Hazards Reduction Program
(NEHRP) “Earthquake Structural and Engineering Research” contract (SB1341-07-
CQ-0019) to the NEHRP Consultants Joint Venture to conduct a variety of tasks,
including Task Order 69297 entitled “Integration of Collapse Risk Mitigation
Standards and Guidelines for Older Reinforced Concrete Buildings into National
Standards: Phase 1.” The objective of this project was to develop a program plan for
establishing nationally accepted guidelines for assessing and mitigating risks in older
concrete buildings.

Work on this project was intended to be an extension of a National Science
Foundation (NSF), George E. Brown, Jr. Network for Earthquake Engineering
Simulation (NEES) Grand Challenge project, “Mitigation of Collapse Risks in Older
Reinforced Concrete Buildings,” being conducted by the Pacific Earthquake
Engineering Research (PEER) Center. The purpose of the Grand Challenge project is
to utilize NEES resources in developing comprehensive strategies for identifying
seismically hazardous older concrete buildings and promoting effective hazard
mitigation strategies for those buildings found to be at risk of collapse. Results from
the NEES Grand Challenge project are expected to be directly applicable to the long-
term objectives of this project.

This report is intended to provide the basis of a multi-phase program for the
development of nationally accepted guidelines for the collapse prevention of older
nonductile concrete buildings. It summarizes the scope and content of a series
recommended guidance documents, the necessary analytical studies, and estimated
costs associated with their development.

The NEHRP Consultants Joint Venture is indebted to the leadership of Dave
Hutchinson, Project Manager, Ken Elwood, Project Director, and to the members of
the Project Technical Committee, consisting of Craig Comartin, Bill Holmes,
Dominic Kelly, Laura Lowes and Jack Moehle for their contributions in developing
this report and the resulting recommendations. The Project Review Panel, consisting
of Nathan Gould, Afshar Jalalian, Jim Jirsa, Terry Lundeen, Mike Mehrain and Julio
Ramirez, provided technical review and commentary at key developmental
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milestones on the project. The names and affiliations of all who contributed to this
report are provided in the list of Project Participants.

The NEHRP Consultants Joint Venture also gratefully acknowledges Jack Hayes and
Jeff Dragovich (NIST) for their input and guidance in the preparation of the report,
and Peter Mork (ATC) for report production services.

Jon A. Heintz
Program Manager
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Executive Summary

Reinforced concrete buildings designed and constructed prior to the introduction of
seismic design provisions for ductile response (commonly referred to as nonductile
concrete buildings) represent one of the largest seismic safety concerns in the United
States and the world. The need for improvement in collapse assessment technology
for existing nonductile concrete buildings has been recognized as a high-priority
because: (1) such buildings represent a significant percentage of the vulnerable
building stock across the United States; (2) failure of such buildings can involve total
collapse, substantial loss of life, and significant economic loss; (3) at present, the
ability to predict collapse thresholds for different types of older reinforced concrete
buildings is limited; (4) recent research has focused on older West Coast concrete
buildings; and, (5) full advantage has not yet been taken of past research products
(ATC, 2003).

The National Science Foundation awarded a George E. Brown, Jr. Network for
Earthquake Engineering Simulation (NEES) Grand Challenge project to the Pacific
Earthquake Engineering Research (PEER) Center to develop comprehensive
strategies for identifying seismically hazardous older concrete buildings, enable
prediction of the collapse of such buildings, and to develop and promote cost-
effective hazard mitigation strategies for them. Products from this important research
effort are expected to soon be available, creating an opportunity for transferring past
and present research results into design practice.

Recognizing this opportunity, the National Institute of Standards and Technology
(NIST) has initiated a multi-phase project with the primary objective being the
development of nationally accepted guidelines for assessing and mitigating the risk of
collapse in older nonductile concrete buildings. This report summarizes efforts to
define the scope and content of recommended guidance documents, the necessary
analytical studies, and estimated schedule and budget needed for their development.

Based on limitations in current seismic evaluation and rehabilitation practice in the
United States (Chapter 2), a review of information currently being developed in the
NEES Grand Challenge project (Chapter 3), and an understanding of common
deficiencies found in nonductile concrete buildings (Chapter 4), the following critical
needs for addressing the collapse risk associated with older concrete construction
have been identified:

e Improved procedures for identifying building systems vulnerable to collapse,
including simple tools that do not require detailed analysis.
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e Updated acceptance criteria for concrete components based on latest research
results.

o Identification of cost-effective mitigation strategies to reduce collapse risk in
existing concrete buildings.

To address these needs, the development of a series of guidance documents is
recommended (Chapter 5). Under the umbrella title Guidance for Collapse
Assessment and Mitigation Strategies for Existing Reinforced Concrete Buildings, the
first document is intended to focus on building system behavior, while the remaining
documents focus on individual concrete components. As currently envisioned, the
series comprises the following eight documents; however, other documents could be
conceived in the future to extend the series and address future developing needs:

1. Assessment of Collapse Potential and Mitigation Strategies

2. Acceptance Criteria and Modeling Parameters for Concrete
Components: Columns

3. Acceptance Criteria and Modeling Parameters for Concrete
Components: Beam-Column Joints

4. Acceptance Criteria and Modeling Parameters for Concrete
Components: Slab-Column Systems

5. Acceptance Criteria and Modeling Parameters for Concrete
Components: Walls

6. Acceptance Criteria and Modeling Parameters for Concrete
Components: Infill Frames

7. Acceptance Criteria and Modeling Parameters for Concrete
Components: Beams

8. Acceptance Criteria and Modeling Parameters for Concrete
Components: Rehabilitated Components

A potential methodology for identifying parameters correlated with an elevated
probability of collapse based on results of comprehensive collapse simulations and
estimation of collapse probabilities for a collection of building prototypes is
described (Chapter 6). For consistency between all documents, a common
developmental methodology is recommended for the selection of acceptance criteria
and modeling parameters (Chapter 7).

The risk associated with older nonductile concrete buildings in the United States is
significant, and the development of improved technologies for mitigating that risk is
a large undertaking. A multi-phase, multi-year effort is needed to complete all eight
recommended guidance documents (Chapter 8). A modular approach to the work

Xiv Executive Summary GCR 10-917-7



plan has been structured to provide flexibility in funding and scheduling the various
components of the recommended program.

With the assumption that no more than two component documents are under
development at any one time, the overall program has a duration of seven years. In
general, work can be conducted in parallel or in series, as funding permits. Some
coordination between phases, however, is recommended. The development of
Document 1 is considered the greatest need, and is recommended as the highest
priority. It has been structured to be completed in phases, with an overall duration of
five years.

The estimated budget for the overall program is $5.2 million. The estimated budget
for the development of Document 1 is $2.9 million, which is the total for Phase 1
($900,000), Phase 2 ($700,000), and Phase 3 ($1,300,000).

The problem associated with older nonductile concrete buildings has attracted the
attention of a number of stakeholders who are potential collaborators on the
implementation of this work plan. Successful development of the recommended
guidance documents should include collaboration with these stakeholders, some of
which will be providers of necessary information, or sources of supplemental
funding.

GCR 10-917-7 Executive Summary
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Chapter 1

Introduction

Reinforced concrete buildings designed and constructed prior to the introduction of
seismic design provisions for ductile response (commonly referred to as nonductile
concrete buildings) represent one of the largest seismic safety concerns in the United
States and the world. The California Seismic Safety Commission (1995) states,
“many older concrete frame buildings are vulnerable to sudden collapse and pose
serious threats to life.” The poor seismic performance of nonductile concrete
buildings is evident in recent earthquakes, including: Northridge, California (1994);
Kobe, Japan (1995); Chi Chi, Taiwan (1999); Izmit, Diizce, and Bingol Turkey
(1999, 1999, 2003); Sumatra (2004); Pakistan (2005); China (2008); Haiti (2010);
and Chile (2010).

The exposure to life and property loss in a major earthquake near an urban area is
immense. Nonductile concrete buildings include residential, commercial, critical
business, and essential (emergency) services, and many are high occupancy
structures. Partial or complete collapse of nonductile concrete structures can result in
significant loss of life. Severe damage can lead to loss of critical building contents
and functionality, and risk of financial ruin for business occupancies. Without
proactive steps to understand and address these types of structures, the risks they
pose will persist.

The Concrete Coalition, a joint project of the Earthquake Engineering Research
Institute, the Applied Technology Council and the Pacific Earthquake Engineering
Research (PEER) Center, is a network of individuals, governments, institutions, and
agencies with an interest in assessing the risk associated with nonductile concrete
buildings and promoting the development of policies and procedures for mitigating
that risk. Initially, the effort has focused on estimating the number of nonductile
concrete buildings in highly seismic areas of California.

On the basis of detailed surveys and extrapolation across California, the Concrete
Coalition (2010) estimates there are approximately 1,500 pre-1980 concrete buildings
in the City of Los Angeles, 3,000 in San Francisco, and 20,000 in the 33 most
seismically active counties state-wide. Outside of California, nonductile concrete
buildings are widespread nationally and worldwide. These numbers portend the scale
of the problem nationally and globally, where nonductile concrete buildings are more
prevalent.

GCR 10-917-7 Introduction
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Based on these initial efforts and interactions with various stakeholders, the Concrete
Coalition has identified an emerging critical need to begin development of more
efficient procedures for assessing the collapse potential of nonductile concrete
buildings and identifying particularly dangerous buildings for detailed evaluation and
retrofit.

Evidence from earthquake reconnaissance efforts world-wide shows that strong
earthquakes can result in a wide range of damage to nonductile concrete buildings,
ranging from minor cracking to collapse (Otani 1999). Current guidelines and
standards for seismic assessment of existing concrete buildings are not sufficiently
refined to enable engineers to quickly and reliably distinguish between buildings that
might be expected to collapse and those that might sustain moderate to severe
damage. As a consequence, engineers have tended toward conservative practices,
and guidelines and standards for seismic evaluation and rehabilitation have tended to
be conservative.

Conservative evaluation techniques applied to nonductile concrete buildings almost
always indicate that there is a risk of collapse, and that extensive rehabilitation is
needed to mitigate that risk. Recent policy efforts demonstrate the difficulties in
legislating large-scale retrofit programs encompassing nonductile concrete buildings
without adequate resources or reliable engineering tools. In the case of the California
hospital retrofit program (OSHPD 2009), almost all nonductile concrete buildings
were categorized as high risk, needing costly retrofit.

Considering the challenges and limitations associated with funding seismic
rehabilitation, this situation (thousands of buildings, nearly all classified as high risk)
is not tenable. This “always bad” message is not credible, and fosters an
environment in which retrofitting of concrete buildings at risk of collapse is not
happening quickly enough. To achieve a meaningful reduction in the seismic risk
posed by nonductile concrete buildings, there is a need for guidelines that can
reliably identify the subset of buildings that are most vulnerable to collapse, and that
provide cost-effective retrofit solutions for these buildings.

In 2006, the National Science Foundation (NSF) awarded a George E. Brown, Jr.
Network for Earthquake Engineering Simulation (NEES) Grand Challenge project,
Mitigation of Collapse Risks in Older Reinforced Concrete Buildings, to the Pacific
Earthquake Engineering Research (PEER) Center. The Grand Challenge project is
tasked with using NEES resources to develop comprehensive strategies for
identifying seismically hazardous older concrete buildings, enabling prediction of the
collapse of such buildings, and developing and promoting cost-effective hazard
mitigation strategies for them. While the Grand Challenge research project is
expected to develop new knowledge about these buildings, it is anticipated that
additional applied research and technology transfer activities will be needed to
transition this knowledge into guidelines that can be used in engineering practice.

1-2
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Recognizing this opportunity, National Institute of Standards and Technology (NIST)
initiated a project with the primary objective being the development of nationally
accepted guidelines for the assessment and mitigation of collapse risk in older
reinforced concrete buildings. This report summarizes efforts to define the scope and
content of recommended guidance documents, the necessary analytical studies, and
estimated schedule and budget needed for their development. The report is organized
as follows:

o Chapter 2 summarizes the current state-of-practice with regard to seismic
evaluation and rehabilitation, and identifies limitations in currently available
assessment procedures.

o Chapter 3 summarizes research being conducted on the NEES Grand Challenge
project, and describes experimental testing and analytical studies that are relevant
to future recommended work.

e Chapter 4 summarizes common deficiencies found in nonductile concrete
buildings and retrofit strategies typically used to address these vulnerabilities.

e Chapter 5 provides an overview of a series of recommended guidance documents
to be developed under the umbrella title Guidance for Collapse Assessment and
Mitigation Strategies for Existing Reinforced Concrete Buildings.

e Chapter 6 outlines focused analytical studies needed to establish limits on
parameters that influence the collapse vulnerability of nonductile concrete
buildings.

o Chapter 7 describes a methodology for developing improved acceptance criteria
and modeling parameters for concrete components.

e Chapter 8 summarizes recommended work plan tasks, schedule, and estimated
costs for a multi-year program to develop the recommended guidance documents,
and lists key collaborators that should be involved in such a program.

This report and the recommendations herein focus on cast-in-place concrete
construction. While existing precast concrete buildings also pose a risk of collapse in
earthquakes, collapse behavior of precast concrete construction is significantly
different from cast-in-place concrete buildings. Given the substantial technical
differences associated with segmented construction and precast connection
vulnerability, treatment of precast concrete buildings has been excluded from
consideration in this program. This exclusion is not meant to imply that additional
study of the collapse vulnerability of existing precast concrete buildings is
unimportant, or should not be undertaken. It is recommended that future funding be
focused on addressing the risk of precast concrete buildings separately and
specifically.

GCR 10-917-7 Introduction
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Chapter 2

Summary and Limitations of
Current Seismic Evaluation and
Rehabilitation Practice

This chapter lists currently available resources for seismic evaluation and
rehabilitation, describes regional variations in U.S. engineering practice, and
identifies limitations in key resources related to the identification of collapse-
vulnerable nonductile concrete buildings.

2.1 Selected Resources

In the United States, there are many different approaches used to assess the seismic
resistance of buildings. Currently available engineering resources take the form of
guidelines, standards, national model building codes, and institutional policies.
Selected resources include the following:

o FEMA 154, Rapid Visual Screening of Buildings for Potential Seismic Hazards:
A Handbook, Second Edition (FEMA, 2002)

e American Society of Civil Engineers, ASCE/SEI 7, Minimum Design Loads for
Buildings and Other Structures (ASCE, 2006)

e American Society of Civil Engineers, ASCE/SEI 31, Seismic Evaluation of
Existing Buildings (ASCE, 2003)

e American Society of Civil Engineers, ASCE/SEI 41, Seismic Rehabilitation of
Existing Buildings, (ASCE, 2007a)

¢ International Code Council (ICC), International Building Code (ICC, 2009a)

¢ International Code Council (ICC), International Existing Building Code (ICC,
2009b)

¢ National Institute of Standards and Technology, ICSSC RP 6/NISTIR 6762,
Standards of Seismic Safety for Existing Federally Owned and Leased Buildings,
ICSSC RP 6/NISTIR 6762 (NIST, 2002)

o Department of Defense, Unified Facilities Criteria (UFC) 3-330-03A, Seismic
Review Procedures for Existing Military Buildings (DOD, 2005)

o Department of Defense, Unified Facilities Criteria (UFC) 3-300-10N, Structural
Engineering (DOD, 2006)
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o Department of Defense, Unified Facilities Criteria (UFC) 3-310-04, Seismic
Design for Buildings (DOD, 2007)

Much of the practice for seismic evaluation and rehabilitation in the United States is
based on ASCE/SEI 31 Seismic Evaluation of Existing Buildings and ASCE/SEI 41
Seismic Rehabilitation of Existing Buildings. In some cases, evaluation and
rehabilitation is based on a percentage of the strength required in codes and standards
for new buildings, such as the International Building Code and ASCE/SEI 7
Minimum Design Loads for Buildings and Other Structures. Federal, state, and
private institutional policies often refer to some combination of the above resources.

Worldwide, several additional assessment and rehabilitation standards and guidelines
are used, including Eurocode 8: Design of Structures for Earthquake Resistance —
Part 3: Assessment and Retrofitting of Buildings (CEN, 2005) in Europe, Assessment
and Improvement of the Structural Performance of Buildings in Earthquakes
(NZSEE, 2006) in New Zealand, and Standard for Evaluation of Existing Reinforced
Concrete Buildings (JBDPA, 2001) in Japan. Many international approaches are
similar in concept to ASCE/SEI 41.

2.2 Initiation of Seismic Evaluation and Rehabilitation Work

Seismic evaluation and rehabilitation work on existing buildings is initiated in one of
three ways. Efforts are mandated, triggered, or voluntarily undertaken (ATC,
2009b):

e Mandated programs are those that require seismic rehabilitation (or at least
evaluation) for specified buildings regardless of action on the part of a building
owner.

e Intriggered programs, seismic evaluation or rehabilitation might not be intended
on the part of the building owner, but is required (or triggered) based on the
scope of repairs, additions, alterations, changes in occupancy, or other work that
is being performed on a building.

o Voluntary rehabilitation is work initiated by the building owner (or other
stakeholder) and subject to minimal outside requirements. Voluntary work is
generally driven by institutional policy or the risk sensitivity of an individual
building owner. Although full compliance is not required or necessary, codes
and standards are often used to guide seismic evaluation and design as part of
voluntary rehabilitation efforts.

Commercial, institutional, state, and local government buildings are regulated by a
local authority having jurisdiction in an area. Most local building codes are based on
a national model building code such as the International Building Code (IBC).
Triggers for seismic work on existing buildings that are undergoing repairs,
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alterations, additions, or changes in use are contained in Chapter 34 of the IBC, or in
the International Existing Building Code (IEBC), where the IEBC has been adopted.

In Chapter 34 of the IBC, equivalent lateral force provisions for new buildings are
applied to existing buildings, but with some relaxation of component detailing
requirements. The IEBC contains provisions that are similar, but also permits the use
of ASCE/SEI 31 and ASCE/SEI 41 for evaluation and rehabilitation.

The General Services Administration (GSA) requires seismic evaluation of federal
buildings that are being considered for purchase, lease, renovation, or expansion.
The GSA specifies the use of ICSSC RP 6/NISTIR 6762 for minimum seismic
requirements. ICSSC RP 6/NISTIR 6762 refers to ASCE/SEI 31 and ASCE/SEI 41
for evaluation and rehabilitation criteria.

The Department of Defense requires the use of the Unified Facilities Criteria (UFC),
which is a series of documents that provide planning, design, construction,
sustainment, restoration, and modernization criteria for building structures. UFC 3-
300-10N Structural Engineering refers to ICSSC RP 6/NISTIR 6762. UFC 3-310-04
Seismic Design for Buildings also refers to ICSSC RP 6/NISTIR 6762, but also
directly requires the use of ASCE/SEI 31 and ASCE/SEI 41 for seismic evaluation
and rehabilitation of existing buildings.

2.3 Regional Variations in Engineering Practice

There are significant regional variations in the seismic evaluation and rehabilitation
of existing buildings based on differences in the political, jurisdictional, economic,
and seismic realities across the United States (ATC, 2009b). Areas that are subjected
to relatively frequent earthquakes, such as the Western United States, possess a much
greater awareness of seismic risk than areas that have not experienced a significant,
damaging earthquake in recent memory, such as the Central and Eastern United
States. This awareness affects how seismic evaluation and rehabilitation projects are
initiated in different regions.

2.3.1 Western U.S. Practice

In the Western United States, especially in regions of high seismicity, seismic
considerations are an integral part of structural design practice, and engineers are
frequently engaged in seismic projects (ATC, 2009b). There are numerous examples
of mandated seismic programs targeting a specific type of construction (e.g.,
unreinforced masonry buildings) or occupancy (e.g., essential hospital facilities).
State and local building codes include triggers for seismic work that are related to
repairs, additions, alterations, or changes in occupancy, and such triggers are
routinely enforced. Many individual building owners, corporations, and institutions
have initiated voluntary programs to minimize their exposure to seismic risk, and
seismic evaluation and rehabilitation projects are regularly performed.
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2.3.2 Central and Eastern U.S. Practice

In the Central and Eastern United States, especially in regions of moderate and low
seismicity, seismic evaluation and rehabilitation work is rarely performed. Mandated
seismic programs are almost nonexistent. Where seismic rehabilitation does occur, it
is largely triggered by additions, alterations, or changes in use or occupancy, and is
met with significant resistance (ATC, 2009b). Notable exceptions to this include
voluntary seismic work that is initiated by federal agencies or large national or multi-
national private corporations as part of building acquisition, maintenance, and
renovation activities.

Large private corporations often have a presence in regions of high seismicity, and
are familiar with the seismic risks associated with older buildings in their portfolio.
Often such corporations will evaluate buildings in regions of moderate seismicity, but
will exempt buildings in regions of low seismicity. Seismic rehabilitation of
commercial and institutional buildings in regions of moderate and low seismicity is
often not triggered by applicable building codes. If triggered, the requirements are
often not enforced.

In the case of federal buildings, ICSSC RP 6/NISTIR 6762 requires existing
buildings in regions of moderate and low seismicity to be treated similar to buildings
in regions of high seismicity. Federal buildings that are located in regions of very
low seismicity are exempted.

2.4 Reference Standards for Seismic Evaluation and Rehabilitation
of Existing Buildings

Prevailing practice for seismic evaluation and rehabilitation in the United States is
based on ASCE/SEI 31 Seismic Evaluation of Existing Buildings and ASCE/SEI 41
Seismic Rehabilitation of Existing Buildings. These standards are the most
commonly used, especially in regions of high seismicity. They have been specified
in mandatory seismic mitigation programs, are currently referenced in model building
codes when seismic work is triggered, and are frequently cited as criteria in voluntary
retrofit projects or institutional programs.

2.4.1 ASCE/SEI 31 Standard for Seismic Evaluation of Existing
Buildings

ASCE/SEI 31 is a national consensus standard applicable to the evaluation of
structural and nonstructural performance levels of Life Safety and Immediate
Occupancy at any level of seismicity. As illustrated in Figure 2-1, the methodology
contained within ASCE/SEI 31 was initially developed in the mid-1980s, and is
based on a series of predecessor documents dating back to ATC-14, Evaluating the
Seismic Resistance of Existing Buildings (ATC, 1987).
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Figure 2-1 Evolution of the development of ASCE/SEI 31

ASCE/SEI 31 defines a three-tiered process in which each successive tier involves
more detailed evaluation and increased engineering effort. The additional effort in
each tier is intended to achieve greater confidence in the identification and
confirmation of seismic deficiencies. The ASCE/SEI 31 evaluation procedure
comprises three phases:

e Screening Phase (Tier 1). The basis of the methodology is a checklist procedure
utilizing a series of checklists to identify building characteristics that have
exhibited poor performance in past earthquakes. Checklists include the basic and
supplemental structural checklists, the basic, intermediate, and supplemental
nonstructural checklists, and the geologic site hazard and foundation checkilists.
Selection of appropriate checklists depends on the common building type
designation, level of seismicity, and desired level of performance. The checklists
contain statements that are used to define the scope of the evaluation and identify
potential deficiencies that can be investigated in more detail.

o Evaluation Phase (Tier 2). If a building does not comply with one or more
checklist statements in Tier 1, the condition can investigated further to confirm or
eliminate the deficiency. The Tier 2 Evaluation Phase is conducted using linear
static or linear dynamic force-based calculations on a deficiency-only or full-
building basis.

e Detailed Evaluation Phase (Tier 3). If deficiencies are not eliminated in the
Tier 2 Evaluation Phase, they can be investigated further using nonlinear static or
nonlinear dynamic analyses. The Tier 3 Detailed Evaluation Phase is based on
the procedures and criteria contained in ASCE/SEI 41, although the use of
reduced criteria (75% of the specified demand) is permitted for this evaluation.

Engineering effort required for Tier 1 screening is relatively small (on the order of
days). Depending upon the number of potential deficiencies, the effort for a Tier 2
evaluation is greater (on the order of weeks). A Tier 3 detailed nonlinear analysis

can be very time-consuming (a month or more).
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Experience in regions of high seismicity has shown that many pre-1980 concrete
buildings require retrofit, or further investigation, as a result of a Tier 2 evaluation.
Due to the time and expense associated with a Tier 3 detailed evaluation, and the
uncertainty associated with being able to eliminate nonductile concrete deficiencies
as potential collapse concerns, many buildings owners proceed directly to retrofit
rather than performing a Tier 3 detailed evaluation.

2.4.2 ASCE/SEI 41 Standard for Seismic Rehabilitation of Existing
Buildings

ASCE/SEI 41 is a national consensus standard for the seismic rehabilitation of
existing buildings. It defines a performance-based approach for seismic analysis and
design that can be used to achieve a desired performance objective selected from a
range of performance levels (Collapse, Collapse Prevention, Life Safety, Immediate
Occupancy, and Operational) at any seismic hazard level. As illustrated in Figure
2-2, the procedures and criteria contained within ASCE/SEI 41 were initially
developed in the early 1990s, and are based on a series of predecessor documents
dating back to FEMA 273, NEHRP Guidelines for the Seismic Rehabilitation of
Buildings (FEMA, 1997).
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T
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41
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Figure 2-2 Evolution of the development of ASCE/SEI 41

ASCE/SEI 41 is intended to be comprehensive in scope and generally applicable to
structural and nonstructural components in buildings of any configuration and any
construction type. Engineering analysis is based on a series of linear, nonlinear,
static, and dynamic analysis options, each of which involves increasing levels of
effort intended to achieve greater confidence in the resulting rehabilitation design.

The performance-based engineering framework involves the estimation of nonlinear
deformation demands (calculated directly or through forced-based surrogate
procedures), which are then compared to acceptance criteria in the form of acceptable
deformation limits that vary with the selected performance level. The terminology
for performance levels is identical to ASCE/SEI 31, but the criteria are somewhat
different.
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Force and deformation acceptability criteria for concrete components are provided in
Chapter 6 of ASCE/SEI 41. Modeling parameters and acceptance criteria for
concrete columns, slab-column connections, and shear wall components were
updated substantially with the release of Supplement 1 to ASCE/SEI 41 (ASCE,
2007h).

2.4.3 Limitations Relative to Nonductile Concrete Buildings and
Needed Improvements

As currently formulated, ASCE/SEI 31 and ASCE/SEI 41 are not capable of reliably
determining the relative collapse risk between different nonductile concrete
buildings. From a public policy standpoint, the ability to economically make this
distinction across an inventory of existing concrete buildings is a critical need.

Modification of ASCE/SEI 31 and ASCE/SEI 41 to differentiate collapse risk in an
inventory of non-ductile concrete buildings would need to address the following
major limitations:

1. ASCE/SEI 31 checklists cover the most common deficiencies found in concrete
buildings. They do not, however, address the relative importance of these
deficiencies, or their interaction, with respect to the collapse potential of a
specific building. Current model buildings types do not reflect the wide variation
in building characteristics or configuration found in existing concrete
construction. Analytical studies are needed to investigate how the interaction of
multiple deficiencies can affect the collapse potential of a building.

2. Collapse probability is highly dependent on the dominant mechanism of lateral
inelastic response. Presently, the dominant mechanism cannot be reliably
predicted without nonlinear dynamic analysis. Focused analytical studies are
needed to identify building and component parameters that are better indicators
of potential collapse mechanisms, leading to more rapid, but still reliable,
techniques for assessment.

3. Current procedures are fundamentally deterministic, and the associated degree of
uncertainty and reliability are generally not specified. Changes in modeling
parameters and acceptance criteria for concrete columns in ASCE/SEI 41
Supplement 1 provide an example where scatter in data and degree of
conservatism are explicitly stated. Similar transparency in modeling parameters
and acceptance criteria for all concrete components is needed.

4. The lack of a consistent methodology for the selection of modeling parameters
and acceptance criteria has led to different levels of conservatism reflected in the
limits specified for different concrete components. Using different levels of
conservatism in the assessment of different components can result in unreliable
predictions of the expected collapse mode or mechanism. A consistent
methodology for the selection of modeling parameters and acceptance criteria is
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needed to update criteria for all concrete components and improve collapse
prediction.

5. Current procedures deem a building deficient if any single component fails its
acceptability criteria. For example, strict interpretation of ASCE/SEI 41 leads to
unacceptable behavior if a single component loses vertical load-carrying
capacity. Seismic performance, particularly collapse, is not so narrowly defined.
Most structures have some ability to redistribute load. Realistic assessments
must be based on a broader view of the nature and extent of component behavior
and the interaction of various components contributing to important global
damage states. System capacity must be considered in the development of an
improved evaluation process. Collapse simulation studies of building prototype
models are needed to identify system response parameters that are more reliable
indicators of probable system collapse.

In the program plan recommended herein, it is anticipated that ASCE/SEI 31 could
be modified and expanded to address these needs at the screening phase, and further
updates to ASCE/SEI 41 modeling parameters and acceptance criteria could enable
further distinction of building collapse risks during the detailed evaluation and
rehabilitation design phases. Possible approaches for addressing the above
limitations are presented in the chapters that follow.
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Chapter 3

Summary of NEES Grand Challenge:
Mitigation of Collapse Risks in Older
Reinforced Concrete Buildings

The George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES)
Grand Challenge project entitled Mitigation of Collapse Risks in Older Reinforced
Concrete Buildings was initiated in 2006. Funded by the National Science
Foundation (NSF), this project is focused on understanding the risk associated with
collapse of older, West Coast, concrete buildings during earthquakes, and
investigating strategies to reduce that risk. Data from this research program is
expected to be directly usable in the development of guidance on mitigation of
collapse risks in nonductile concrete buildings.

This chapter summarizes the scope and objectives of the NEES Grand Challenge
project, and describes details associated with component testing and analytical
studies that are directly relevant to program plan recommended herein.

3.1 Overview

The NEES Grand Challenge project was developed under the premise that within a
large inventory of older concrete buildings, a relatively small fraction of these would
be vulnerable to collapse during strong earthquake shaking, and that collapse triggers
could be targeted for investigation in this subset of buildings to reduce retrofit costs,
thereby achieving more efficient mitigation than is possible with currently available
technologies.

Work on the project is planned to occur over a five-year period ending in December
2011, with total funding of approximately $3.6 million. Research tasks are organized
under four themes: (1) exposure; (2) component and system performance; (3)
building and regional simulation; and (4) mitigation strategy. Inter-relationships
between the themes and tasks are shown in Figure 3-1.

1. Exposure. A detailed inventory was developed for a single urban region (City of
Los Angeles) to serve as a model for other regions. This inventory, along with
other work done in partnership with the Concrete Coalition, provides a snapshot
of the older concrete building inventory prevalent in California, and serves as a
basis for the development of an inventory methodology. Working in
collaboration with the Southern California Earthquake Center, the project has
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also developed seismic hazard and ground shaking data for the Los Angeles
region.

| 2. Component and System Performance |
v

Seismi: Hazard * Columns and Floor System
Analysis Inventory Beam-Column Joints i  Membrane Action
v v Soil-Structure- Shaking Table
Ground Motions Prototype Buildings Foundation Interaction Tests
v
| T | Component Models and Simulation Tools

| 3. Building and Regional Simulation F
v
Progressive Collapse Analysis
of Older Concrete Building Prototypes

Regional Loss Studies

v
| 4. Mitigation Strategy |

Figure 3-1 Inter-relationships between themes and tasks of the NEES Grand
Challenge project.

2. Component and System Performance. Laboratory and field experiments are
being conducted on components, subassemblies, and soil-foundation-structure
systems to better understand conditions that lead to collapse. Laboratory tests
funded under this project include tests on columns, corner beam-column joints,
and floor systems sustaining column axial failure. Field tests will investigate
soil-foundation-structure interaction under large amplitude shaking.
Collaborations with Japan and Taiwan have brought additional shake-table test
data on structures of varying complexity. Tests serve as a basis for developing
analytical models, including models suitable for implementation by structural
engineers and models suitable for incorporation in nonlinear simulation software
such as OpenSees (Open Systems for Earthquake Engineering Simulation).

3. Building and Regional Simulation. Analytical models are being implemented in
nonlinear dynamic analysis software. These capabilities will enable the
exploration of conditions that lead to collapse. The project will also develop
simplified analytical models for use in regional studies of older concrete
buildings in the City of Los Angeles.

4. Mitigation Strategies. Mitigation strategies will be investigated. Pending
available funding, additional laboratory experiments will be performed on
columns retrofitted with simple confinement jackets to better understand what
can be done to mitigate collapse triggers associated with columns. Appropriate
public policy strategies will also be explored.
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3.2  Column Testing

Since failure of concrete columns is a significant collapse trigger in older concrete
buildings, a major focus of the NEES Grand Challenge project is laboratory testing of
concrete columns susceptible to shear and axial failures. The objective of the NEES
Grand Challenge column testing program is to fill gaps in available data to further
test and validate underlying empirical models and resulting acceptance criteria.

Results of prior laboratory tests and empirical models were analyzed in Elwood et al.
(2007), leading to revised column acceptance criteria and modeling parameters in
ASCE/SEI 41 Supplement 1 (ASCE, 2007b). The scope of the NEES Grand
Challenge column testing program is shown in Table 3-1. The program includes
study of variations in longitudinal reinforcement ratio, transverse reinforcement,
aspect ratio (clear height divided by gross cross-sectional dimension), loading
protocol, and axial load level.

Table 3-1 NEES Grand Challenge Column Testing Program

Transverse
Long Reinf. Reinforcement Aspect Loading
ID Ratio Type Spacing Ratio Ratio  Protocol’ PIF A,
KU 1 2.5% A 18" 0.07% 6.44 U3 0.32
KU 2 2.5% A 18" 0.07% 6.44 U3 0.22
KU 3 3.1% A 18" 0.07% 6.44 U3 0.62
KU 4 2.5% B 18" 0.18% 6.44 U6 0.17
PUl 1.5% A 18" 0.07% 3.22 U3 0.37
PU2 1.5% A g 0.07% 3.22 U3 0.38
PU3 1.5% A 18" 0.07% 3.22 B7 0.21
PU4 2.5% A 18" 0.07% 3.22 U3 0.43
PUS 2.5% A 18" 0.07% 3.22 B3 0.46
PU6 2.5% B 18" 0.18% 6.44 B3 0.11
PU7 2.5% B 18" 0.18% 6.44 B2 0.11
PU8 2.5% B 18" 0.18% 6.44 B2 0.11

1 U=Uni-directional; B=Bi-directional; #=number of cycles per drift per direction

A total of twelve specimens were tested, each with an 18-inch square cross-section,
8-bar symmetric longitudinal reinforcement configuration, Grade 60 reinforcement,
and concrete strength, f., of 3000 psi to 5000 psi. Transverse reinforcement spacing
varied from 8 inches to 18 inches, and details were intentionally configured to be out
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of conformance with ductile detailing requirements in modern seismic provisions and
concrete design standards (Figure 3-2).
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Figure 3-2 Column test specimens.

Specimens were tested in double-curvature (Figure 3-3). The top beam was
displaced laterally while rotation in the top and bottom beams was restrained. Axial
load was held constant throughout the tests until axial failure was initiated.
Specimens were subjected to displacement reversals at increasing amplitudes until
the prescribed axial load could no longer be resisted. Some specimens were
subjected to displacement reversals in one lateral direction (uni-directional protocol),
while others were subjected to displacement reversals in both lateral directions (bi-
directional protocol).
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Figure 3-3 Double-curvature column testing configuration.

Figure 3-4 shows the state of one column specimen (PU8) tested to failure. Figure
3-5 plots drift at axial failure versus the axial load and transverse reinforcement
quantity for all specimens.
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Figure 3-4 Column specimen PUS8 tested to axial failure (Courtesy of NEES
Grand Challenge).
60
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Figure 3-5 Drift at axial failure for all test specimens plotted relative to Elwood

and Moehle (2005).

In Figure 3-5, the smooth curve is the relation developed as an estimate of drift
capacity based on prior tests (Elwood and Moehle, 2005). The figure shows how the
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results for NEES Grand Challenge column specimens plot relative to the Elwood and
Moehle relation. Results to date from NEES Grand Challenge column testing
program indicate that the following changes in test specimen parameters increase the
drift at axial failure:

e Decrease in column aspect ratio

o Decrease in axial load level

e Increase in longitudinal reinforcement ratio

e Increase transverse reinforcement ratio

e Decrease in tie size and spacing (with constant transverse reinforcement ratio)

o Decrease in number of displacement cycles

Additionally, it was observed that a uni-directional displacement protocol resulted in
larger drifts at axial failure compared to a similar bi-directional displacement
protocol. It is expected that, in combination with existing data, supplemental data
provided by the NEES Grand Challenge column testing program will serve as a basis
for improved acceptance criteria and modeling parameters for non-ductile concrete
columns to be developed as part of the program plan recommended herein.

3.3  Beam-Column Joint Testing

Earthquake reconnaissance in the literature includes examples of building collapses
that appear to have been caused by damaged beam-column joints. Generally, such
failures have been confined to perimeter beam-column connections. Older beam-
column joints have been tested previously. These tests have demonstrated
weaknesses in some anchorage details, along with a tendency for beam-column joint
shear failure to occur under certain conditions.

Complete joint failure, signaled by loss of ability to support column axial loads,
however, has seldom been observed in the laboratory. One hypothesis for this
observation is that axial forces in previous beam-column joint tests have been lower
than occurs in actual buildings, and too low to trigger axial failures. The NEES
Grand Challenge project includes a beam-column joint testing program to explore
this hypothesis through a series of full-scale tests on corner beam-column joints.

The scope of the NEES Grand Challenge beam-column joint testing program is
shown in Table 3-2. The program includes study of variations in joint aspect ratio
(ratio of beam depth, hy, to column depth, h;), beam reinforcement, column
reinforcement, target failure mode, loading protocol, and axial load level.

A total of eight specimens are planned, each with Grade 60 reinforcement, and
concrete strength, f.', of 3500 psi to 4500 psi. Column longitudinal reinforcement is

c!?

continuous through the joint, without lap splices, and beam longitudinal
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reinforcement is continuous across the joint, with standard hooks that extend to the
mid-height of the joint. Beam and column transverse reinforcement does not
continue into the joint. In some cases the joints are expected to fail before beam
yielding (J-Type), and in other cases the joint is expected to fail after beam yielding
(BJ-Type).

Table 3-2 NEES Grand Challenge Beam-Column Joint Testing Program

Beam Reinf. P/ £ Ay
Joint Aspect Column  Target Failure Loading @ shear
D Ratio Top Bottom  Reinf. Mode® Protocol® initial  failure
1 11 446 446 848 BJ U2 0.08 0.12
2 11 448 447 849 J U2 0.15 0.24
3 5/3 446 446 848 BJ U2 0.10 0.16
4 5/3 448 447 849 J U2 0.11 0.17
5 11 4#10  4#9 8#10 J U2 0.21 031
6 11 4#10  4#9 8#10 J B2 0.21 0.45°
7 5/3 449 448 8#10 J U2 0.21 0.45
8 11 4#6 446 8#10 BJ uz2 0.21 0.45°

1BJ = joint failure after beam yielding; J = joint failure without beam yielding
2 U=Uni-directional; B=Bi-directional; #=number of cycles per drift per direction
® Predicted or target values based on test plan and analytical models

Figure 3-6 shows the general configuration of the beam-column joint test specimens
in the loading rig. Specimens were tested first by loading beams and columns to
target gravity load levels, then by cycling the beams up and down to simulate lateral
drift cycles in the two orthogonal directions. Axial loads varied with beam loading to
simulate overturning effects. Target axial loads ranged from tension through

0.45A, f. in compression. Tests were continued until actuator stroke capacity was
reached or axial failure occurred.

Figure 3-7 shows the state of one beam-column joint (specimen ID 5) at the end of
testing. As of July 2010, the test program was still under way, with six of eight tests
completed. At present, it appears that beam-column joints are showing much less
vulnerability to axial collapse than columns. The results should demonstrate the axial
collapse fragility of corner beam-column joints. It is expected that, in combination
with existing data, supplemental data provided by the NEES Grand Challenge beam-
column joint testing program will serve as a basis for improved joint strength
modeling parameters and acceptance criteria to be developed as part of the program
plan recommended herein.
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Figure 3-6 Beam-column joint testing configuration (Courtesy of NEES
Grand Challenge).

Figure 3-7 Beam-column joint specimen ID 5 tested to failure
(Courtesy of NEES Grand Challenge).
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3.4  Building Simulation Models

Analytical models of component behavior, including axial collapse models, will be
implemented in OpenSees. These models will enable advanced collapse simulations
using detailed or simplified analytical models of older concrete buildings. The
principal objective of the NEES Grand Challenge building simulation study is the
development of collapse fragilities for a limited set of simplified building models.

A building inventory conducted as part of the NEES Grand Challenge project has
established the number, age, size, occupancy, and general configuration of older
concrete buildings in the City of Los Angeles. In parallel with the inventory
development, focus group discussions with practicing structural engineers and
surveys of co