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ABSTRACT

This document is intended to provide owners and practicing engineers with current “best practices” to
reduce the likelihood of progressive collapse of buildings in the event of abnormal loading. The report
includes a discussion of an acceptable risk approach to progressive collapse, which involves defining the
threat, event control, and structural design to resist postulated event. Practical means for reducing risk for
new and existing buildings are presented. An extensive review is provided of the design methods used to
enhance a buildings resistance to progressive collapse. These include the indirect method (providing
sufficient tie forces), the specific local resistance method (designing key elements to withstand abnormal
loads), and the alternate load path method (allowing for redistribution of load in the event of the loss of a
key member). Design considerations for different structural materials are summarized. The methodology
for evaluating and mitigating progressive collapse potential in existing buildings is also discussed. Three
appendices provide supporting information. Appendix A presents a worldwide review of progressive
collapse provisions in various national design standards. Appendix B identifies knowledge gaps related to
progressive collapse that require research. Appendix C provides case studies of progressive collapses.
This document is not intended to provide step-by-step design guidance for practicing engineers; however,
applicable design standards are referenced and summarized in Appendix A.

Keywords: alternate load path; blast loading; buildings; design standards; direct method; indirect method;
progressive collapse; risk; specific local resistance.
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The policy of the National Institute of Standards and Technology is to use metric units in all its published
materials. Because this report is intended for the U.S. building construction industry which uses inch-
pound units, it is more practical and less confusing to use inch-pound units rather than metric units within
quoted text.
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PREFACE

This best practices document is prepared in response to one of the recommendations from the July 2002
industry workshop on prevention of progressive collapse, which was held in Chicago, Illinois. The
preparation of this document was facilitated by the Multihazard Mitigation Council (MMC) of the
National Institute of Building Sciences. The MMC contracted with the three principal authors to prepare
an initial draft and organized a workshop in February 2004 to solicit public comments on the initial draft
document.

The body of the document was prepared by three principal authors:
e Dr. Bruce R. Ellingwood (Georgia Institute of Technology),Chapter 2;
e Dr. Robert Smilowitz (Weidlinger Associates), Chapters 3, 4, and 5 and Appendix B.
e Mr. Donald O. Dusenberry (Simpson, Gumpertz & Heger), Chapters 3, 4, and 5 and Appendix C.

Contributing authors to Chapters 3, 4, and 5 included Dr. Wilkins Aquino, Mr. John Dal Pino, and Mr.
James R. Cagely. Dr. Dat Duthinh of the National Institute of Standards and Technology (NIST)prepared
Appendix A. Dr. H. S. Lew of NIST and Dr. Nicholas J. Carino of KT Consulting Inc. contributed to
Chapters 1 and 6 and served as co-editors.

To aid the understanding and use of this best practices document and to provide an opportunity for
technical exchange with the principal authors, NIST and the Structural Engineering Institute of the
American Society of Civil Engineers organized jointly four workshops during September and October
2006. The workshops were held in Denver, New York City, San Francisco, and Chicago. In addition, the
document was posted on the Web to solicit public comments. Comments received during and subsequent
to the workshops have been incorporated into this final document. Individuals who submitted comments
are acknowledged for their useful suggestions.

The Chicago workshop also identified a need for code provisions and design standards that will provide
resistance to progressive collapse at reasonable additional design and construction costs. This need was
reinforced by Recommendation 1 resulting from the NIST investigation of the collapse of the World
Trade Center towers, which calls for development and adoption of code provisions and consensus
standards to prevent progressive collapse in buildings. NIST is currently carrying out research in support
of meeting this need.

Disclaimer: Certain trade names or company products are mentioned in the text to specify adequately
certain products. In no case does identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply the product is the best available for the purpose.
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Chapter 1
INTRODUCTION

11 PROGRESSIVE COLLAPSE

The term “progressive collapse” has been used to describe the spread of an initial local failure in a manner
analogous to a chain reaction that leads to partial or total collapse of a building. The underlying
characteristic of progressive collapse is that the final state of failure is disproportionately greater than the
failure that initiated the collapse. ASCE Standard 7-05 defines progressive collapse as “the spread of an
initial local failure from element to element resulting, eventually, in the collapse of an entire structure or a
disproportionately large part of it” (ASCE 2005). The disproportionality refers to the situation in which
failure of one member causes a major collapse, with a magnitude disproportionate to the initial event.
Thus, “progressive collapse” is an incremental type of failure wherein the total damage is out of
proportion to the initial cause. In some countries, the term “disproportionate collapse” is used to describe
this type of failure.

Based on the above description, it is proposed that the professional community adopt the following
definition, which is based largely on ASCE 7-05:

progressive collapse—the spread of local damage, from an initiating
event, from element to element resulting, eventually, in the collapse of an
entire structure or a disproportionately large part of it; also known as
disproportionate collapse.

The concept of progressive collapse can be illustrated by the famous 1968 collapse of the Ronan Point
apartment building (Fig. 1-1). The structure was a 22-story precast concrete, bearing wall building. A gas
explosion in a corner kitchen on the 18th floor blew out the exterior wall panel and failure of the corner
bay of the building propagated upward to the roof and downward almost to ground level. Thus, although
the entire building did not collapse, the extent of failure was disproportionate to the initial damage. Other
examples of progressive collapse are provided in Appendix C. Different criteria have been developed to
define acceptable spread horizontally and vertically of the initiating failure. Appendix A provides a
summary of some of these criteria (see Table Al).

Generally, buildings in the U.S. are not designed for loading conditions to account for gas explosions,
bomb explosions, vehicular collisions, aircraft collisions, tornados, and the like. Thus, when buildings are
subjected to such abnormal loads, they may sustain extensive damage (Somes 1975; Burnett 1975a).
Historically, only a limited number of buildings sustained severe damage to an extent that a total collapse
occurred. However, there have been numerous cases of progressive collapse of buildings during
construction. Causes of these construction failures have been traced to low material strength, construction
overload, and improper construction techniques (Breen 1975). Historical data suggest that while buildings
under construction have a higher probability of sustaining collapse than the same buildings after
construction, construction failures are not initiated by the conditions that cause failures of buildings in
use. The material presented in this document relates to only buildings in service.
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Figure 1-1 Ronan Point collapse: a gas explosion on the 18" floor resulted in a
progressive collapse

1.2 PURPOSE AND SCOPE

Immediately following the Ronan Point collapse, some countries, such as the U.K. and Canada adopted
some form of regulatory standards to address prevention of progressive collapse. In 1976 the U.K.
building regulations required that buildings not sustain collapse to an extent disproportionate to the
initiating failure. The regulations required that buildings be designed to resist disproportionate failure by
tying together building elements, adding redundant members, and providing sufficient strength to resist
postulated abnormal loads. These requirements are considered to produce more robust structures, that is,
structures that are strong, ductile, and capable of redistributing loads (refer to Section 3.5.2 for a
discussion of factors that affect structural robustness).

In the 1980s, design standards in the U.S. began to incorporate requirements for “general structural
integrity” to provide nominal resistance to progressive collapse (ANSI 1982). Structural integrity was to
be achieved by providing continuity, redundancy and ductility in structures. At present, U.S. model
building codes and standards do not include specific provisions to provide resistance against progressive
collapse. Some materials design standards, however, such ACI 318 (ACI 2005) and the PCI guide for
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Precast concrete bearing wall buildings (PCI 1976), include provisions for minimum levels of structural
integrity.

Although historical data indicate that the risk of progressive collapse in buildings is very low, loss of life
and severe injuries would be significant when a fully occupied multi-story building sustains a large partial
or total collapse. As a result of recent terrorist attacks on buildings throughout the world, particularly U.S.
owned and occupied buildings, several U.S. government agencies with large construction programs have
developed their own design requirements (GSA 2003; DOD 2005) to provide resistance against
progressive collapse. Each agency, however, with its own mission, has adopted different performance
objectives for buildings subjected to abnormal loads. Furthermore, the design approach to provide
resistance to progressive collapse is not standardized among these documents. In the private sector there
is, however, a diverse range of professional opinion regarding the extent and nature of changes to present
practices that may be warranted to enhance the resistance of buildings to progressive collapse. A
consensus has yet to be reached on the thresholds to delineate when design against progressive collapse
needs to be considered and what level of resistance is acceptable.

The design of a building to resist progressive collapse may require analytical approaches that are not used
in routine design. The purpose of this document is to provide the “best practices” for design professionals
to reduce the likelihood of progressive collapse of buildings in the event of abnormal loading. It is not
intended as a design standard. Guidance is provided that is based on existing knowledge and includes
input from design professionals with a broad range of interests. This document addresses design of new
buildings and upgrading of existing buildings. It does not address wood or cold-formed steel, low-rise
construction.

Chapter 2 discusses an acceptable risk approach to progressive collapse, which involves defining the
threat, event control, and structural design to resist a postulated event.

Chapter 3 presents practical approaches for reducing exposure to threats that could provide the initial
local failure to trigger progressive collapse. It also discusses, in general terms, the design methods used to
mitigate the potential for progressive collapse; these include: the indirect method (providing sufficient tie
forces), the specific local resistance method (designing key elements to withstand abnormal loads), and
the alternate load path method (allowing for redistribution of load in the event of the loss of a key
member).

Chapter 4 provides a comprehensive discussion of the indirect and direct design approaches for mitigating
progressive collapse potential. The implementation of these methods in the guidelines developed by the
General Services Administration (GSA) and the Department of Defense (DOD) is also discussed. The
chapter concludes with a review of analytical tools that are available for evaluating progressive collapse
potential of new or existing buildings. The inherent limitations of different analytical approaches are
highlighted.

Chapter 5 includes practical design guidance to mitigate the potential for progressive collapse in new and
existing buildings. Included are recommended design details for different structural materials and
structural systems.
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Appendix A presents a detailed worldwide review of progressive collapse provisions in various national
design standards. Appendix B identifies knowledge gaps related to progressive collapse that require
research. The report concludes with Appendix C, which provides case studies of progressive collapses.

This document is not intended to provide step-by-step design guidance for practicing engineers, but it is
intended to acquaint engineers with considerations involved in designing buildings for resistance to
progressive collapse. Applicable design procedures are available as indicated in Appendix A.



Chapter 2
ACCEPTABLE RISK BASES

2.1 INTRODUCTION

A progressive collapse involves a chain reaction of failures that develops into an extensive partial or total
collapse of a building, where the resulting damage is disproportionate to the local damage caused by the
initiating event. The notion of “disproportionality” is common to all definitions of progressive collapse
but is ambiguous. Typically, damage in such a collapse would extend beyond one structural bay, 100 m?
(=1000 ft*) of floor area, or two stories. Such collapses can be initiated by many causes, including design
and construction errors and load events that are beyond the design envelope or are not considered
explicitly. Such events would include abnormal loads not considered routinely in design (e.g., gas
explosions, vehicular collisions, and sabotage), severe fires, extreme values of environmental loads that
stress the building system well beyond the design envelope, and abuse.

Customary structural design practice for combinations of dead, occupancy live, wind, snow and
earthquake loads provides a degree of strength and ductility that is also available to withstand abnormal
loads and provide some resistance to progressive collapse. The evolution in design practices made
possible by computerized design and the use of high-performance materials has led to modern building
systems that are light and flexible. In contrast, older structures were less efficient and were designed more
conservatively than necessary because of limited knowledge at the time. Pressures to achieve efficiency
or economy in design or versatility in occupancy may lead to systems that have little inherent energy-
absorbing capacity or built-in protections against progressive collapse and may be vulnerable to load
conditions outside the design envelope. Construction technologies aimed at minimizing erection costs
also may lead to structures with little inherent continuity and resistance to progressive collapse. Finally,
social and political factors also have led to an increase in incidents that may initiate such failures. Public
awareness of building safety issues has increased markedly during the past thirty years as a result of well-
publicized natural and man-made disasters. Structural failures, whatever their cause, are thoroughly
examined in the public forum. Studies in many countries have shown that the risk of structural failure due
to such effects as fire, vehicular impact, explosions and other abnormal events in some instances may be
comparable to the risks associated with hazards that traditionally have been addressed in structural design.

Despite advances in structural engineering that have revolutionized building design and construction
during the past two decades, there are numerous sources of uncertainty in the building design process.
Some of these uncertainties are inherent, such as environmental loads, structural strength, while others are
knowledge-based, such as approximations in finite element models and limitations in supporting
databases. The natural consequence of uncertainty is risk. Only if there is certainty is there no risk. Risk
cannot be eliminated; rather, it must be managed. Risk avoidance as public policy is naive, uneconomical
and discourages innovation and new technology. Individuals and society as a whole must accept risk in
order to achieve objectives, and this willingness to accept reasonable risks is a sign of progress and
health.
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No building system can be engineered and constructed to be absolutely risk-free. Building codes are key
tools for structural engineers to manage risk in the interest of public safety. The provisions for structural
design in codes and standards for load combinations and design strength address the risks in building
performance as the code and standard-writers have historically understood them. Such risks often have
been managed judgmentally in the civil engineering arena. However, the aftermath of recent natural and
man-made disasters has made it clear that judgmental approaches to risk management are not acceptable.
Rational approaches to progressive collapse mitigation require risk-informed assessment and decision-
making.

This chapter summarizes basic concepts of modern risk-informed decision-making and its application to
developing and implementing design requirements for progressive collapse mitigation. This summary
also will illuminate some of the inherent difficulties in developing such requirements for building design
and construction.

2.2 FUNDAMENTALS OF RISK ASSESSMENT FOR NATURAL AND MAN-
MADE HAZARDS

In the field of structural reliability, the term “risk” is often used more or less interchangeably with
“probability” or is thought of as the complement of “reliability.” But this may not be a sufficiently rich
definition to be useful in engineering decision-making involving rare natural or man-made events. To
stakeholders and the decision-maker, it is the consequences (e.g., deaths or serious injury; economic loss)
that are most important. Low-probability events with grave consequences are inherently risky. Society
takes steps to mitigate the impact of such events through education and regulatory action.

221 Perception and Analysis of Risk

The concept of risk involves three components: hazard, consequences, and context (Elms 1992). The
hazard is a potentially harmful event, action or state of nature. To take a specific example, the potential
for an explosion of natural gas supplied to a residential building is a hazard. The hazard can be quantified
by its annual probability or mean rate of occurrence per dwelling unit (as described in Section 2.3.4). The
occurrence of the hazard has consequences—building damage, building collapse, personal injury, loss of
life, economic losses, or damage to the environment—which must be measured in terms of a value system
involving some metric. Finally, there is the context, which provides a frame of reference for the risk
analysis and assessment and resulting decisions. As stakeholders to a risk assessment, individuals,
management groups, government agencies or other decision-makers view risk differently. Most
individuals tend to be risk-averse (implying that they require a substantial increase in value or benefit in
return for accepting marginal increases in risk). O