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Abstract

This report describesthe results of the workshop sponsored by the National Institute of Standards
and Technology’s Building and Fire Research Laboratory that was held on October 2, 3, 2003 in
Baltimore, MD. The workshop was planned to assist with the development of a research and
developmentroadmap for structural fire safety design and retrofit of structures,. This report
summarizesthe content of nine contextual white papers prepared for the workshop and the
process and results of the industry discussion and prioritization that took place.
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Executive Summary

The National Institute of Standards and Technology’s Building and Fire Research Laboratory, as
the national laboratory responsible for research into building fires, initiated a program prior to the
events of September 11,2001 to put structural fire protection on a stronger scientific footing. The
catastrophiccollapses of the World Trade center underscored the need to acceleratethis effort.
As part of this effort, NIST commissioned the Society of Fire Protection Engineers to organize an
industry workshop calling on the expertise of the global fire safety engineering community. The
purpose of the workshop, held on October 2 and 3,2003 in Baltimore, MD, was to provide
industry input for use in the development of a detailed R&D roadmap for structural fire safety
design and retrofit of structures. Sixty individuals attended the workshop including structural and
fire protection engineers, architects, academia, research and testing laboratory representatives,
regulatory offices and representatives of insurance and industry associations.

Nine white papers were commissioned in advance of the workshop to outlinethe issues and
research needs associated with implementing improved structural fire safety design and retrofit
methodologies. These papers, providing the perspective of industry users and international
experts in the field, set the context for a vigorous one and half day series of discussion sessions
where needs for further research and improved practices were identified and prioritized. Two
tiers of top priority recommendations were developed, ranging from the need for more research
quality experimental data of the behavior of structural components and materials at elevated
temperatures to the need to specify professional responsibilities for structural fire protection over
the life of the building.

The general consensus of the workshop participants on research needs are summarized as
follows:

e Obtain research-quality laboratory and real data, including construction and use of
large-scale structural fire test facilities, of engineering material properties at elevated
temperature and performance of structural components under load and fire
conditions.

¢ Develop performance goals, criteria and methodologiesfor implementation in codes
and standards, including quantification of safety provided by current prescriptive and
performance-based methods, practice guidelines for the enforcementand engineering
communities, risk-based methodology for design fires, benchmark problems for
validation of analysis tools, standardized test methods, and limit states and failure
criteria.

e  Specify professional responsibilities for structural fire protection over the life of the
building.




1. INTRODUCTION
11 Background

In the wake of the collapse of buildings in the World Trade Center (WTC) complex on September
11,2001, the National Institute of Standardsand Technology (NIST), under the authority of the
National Construction Safety Team Act (Public Law [P.L.] 107-231), formally initiated the
federal building and fire safety investigation of the WTC disaster on August 21,2002. The
investigation aims to achieve the following four objectives:

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of
the aircraft and why and how WTC 7 collapsed.

2. Determine why the injuries and fatalities were so high or low depending on location,
includingtechnical aspects of fire protection, occupant behavior, evacuation, and
emergency response.

3. Determine what procedures and practices were used in the design, construction,
operation, and maintenance of WTC 1, 2, and 7.

4. ldentify areas in the current national building and fire model codes, standards, and
practicesthat warrant revision.

The first three objectives are short-term and addresses issues specific to the collapse of WTC 1, 2,
and 7. The fourth objective is long-term and addresses deficiencies in design practice related to
building and fire safety.

Currentbuilding design practice does not consider fire as a design condition for purposes of
evaluating structural performance in the presence of an uncontrolled fire. Instead, fire endurance
ratings of building members or subassemblies, derived from standard fire endurance tests (e.g.,
ASTM E-119), are specified prescriptively in building codes. In addition, there is no accepted set
of verified tools to evaluate the fire performance of entire structures and to achieve engineered
fire safety. While current prescriptive methods appear to work satisfactorily in typical
compartmentfres, the adequacy of such methods in large, uncontrolled fires is questionable.
Thus, there is widespread recognition of the need to develop and implement significantly
improved tools, practices, and standards that explicitly consider structural fire loads in the design
of new structures and the retrofit of existing structures.

Balancing the competing demands for fire safety and economy in a rational manner requiresthe
development of performance-based methods to measure and predict the behavior of full-scale
structures under fire conditions. Such performance-based methods must consider the following
five key deficienciesin the current building fire safety design practice:

e First, while the current standard fire endurance test methods, which stipulate a prescribed
time-temperature exposure, are adequate to compare relative performance of structural
components, they do not provide information about the actual performance (i.e., load carrying
capacity) of a component in a real fire environment (e.g., involving fire of building contents,
hydrocarbon pool fires, or a combination thereof).

e Second, the role of structural connections, diaphragms, and redundancy in enabling load
transfer and maintaining overall structural integrity (i.e., preventing progressive collapse)
during fire is ignored in structural design. Current structural fire protection design methods
are based on fire endurancetests of single components and do not account for the behavior of
connections or the complex two- and three-dimensional behavior of the entire structure.



e Third, currentanalytical tools are inadequate to evaluate the effectiveness of alternative
design, retrofit, and fire protection strategiesto enhance structural fire endurance (including
alternate cementitious spray or board systems, intumescent coatings, high-performance fire
protective coatings, active suppression systems, and more sensitive sensingand monitoring).
No practical analytical tools exist today that couple the fire dynamics to the structural system
response, and the resulting transient, multi-dimensional heat transfer through structural
components made with multiple materials.

e Fourth, there is a need to better model and predict the fire hazards to structuresand to
develop design criteria for evaluating fire hazards from internal and external fires (e.g., dueto
accidents or terrorist threats). This includes deterministicand probabilistic models for
specifying the magnitude, location, and spatial distribution of fire hazards on structures (e.g.,
design fire scenarios defined by the probability of exceeding established criteria by 2% in 50-
years); determination of reliability-based load factors for combined dead, live, and fire loads
and resistance factors for loss in structural strength and stiffness; and methods for load and
resistance factor design (LRFD) under fire conditions.

o Fifth, there is a lack of knowledge about the fire behavior of structuresbuilt with innovative
structural materials (e.g., high-strength concrete or steel structures) or passive fire protection
materials.

12 NIST R&D Program in Fire Safety Design and Retrofit of Structures

As part of the NIST response plan for the WTC disaster, NIST has initiated a major R&D project
in fire safety design and retrofit of structures. The project aims to develop and implement
significantly improved standards, tools, and practical guidance for the structural fire safety design
and retrofit of structures in partnershipwith key stakeholders by integrating knowledge of
modem fire science and fire protection engineering with knowledge of modem structural
reliability methods and structural engineering. Specifically, the project aims to produce the
following eight key products in three major areas, including Structural Fire Safety Design of New
Buildings, Analysis of Structural Fire Performance, and Fire Safety Evaluation and Retrofit of
Existing Buildings, over a multi-year period:

Structural Fire Safety Design of New Buildings
e Best practices for structural fire safety design of structures.
e Guidelines/pre-standards for fire safety design of structures.

Analysis of Structural Fire Performance

e Best practices tools for analyzing structural fire performance.

e Load and resistance factor methodology for structural fire safety.

e Selected verified/validated predictive tools for analyzing structural performance in real fires.

Structural Fire Safety Evaluation and Retrofit of Existing Buildings

* Guidelines/pre-standards for structural fire safety evaluation of existing buildings.
e Best practices for fire safety retrofit of structures.
*  Guidelines/pre-standards for fire safety retrofitting of structures.




1.3 NIST-SFPE Workshop on Structural Fire Safety Design and Retrofit of Structures

As part of this R&D project, in June 2003, the Building and Fire Research Laboratory (BFRL) of
NIST commissioned the Society of Fire Protection Engineers (SFPE) to organize an industry
workshop to provide input for the development of a detailed roadmap that will identify the R&D
gaps for each of the products identified above. A steering team, (Appendix B) consisting of
representatives of the design and construction industry, was formed to assist in the planning of the
workshop. The team met five times by teleconference over a five month period. Its’ activity
included:

e Commissioningnine white papers (Appendix 9.1) from authors with acknowledged
expertise and leadership in various aspects of structural fire safety design and retrofit and
the industry context for it. The purpose of the white papers was to outline the issues and
research needs associated with implementing improved structural fire safety design and
retrofit methodologies.

e Recommending invited participants (Appendix 9.E) for the workshop who would
represent the following sectors of the industry: fire safety design, structural design,
architecture, code enforcement, academia, research, and professional and industry
associations.

o Developing detailed workshop plan which included a workshop agenda designed to
encourage full participation from workshop participants (Appendix9.C). Breakout
sessions were planned to group individuals by their area of expertise: design fires,
thermal analysis, structural design, and existing buildings.

e Selecting sixteenrecorders and facilitators from participants (Appendix 9.D)

e Developing an outline of a final report to guide discussion at the workshop to the goals of
the project.

White papers were sentto all participants in advance of the workshop. Input from participants
was sought to gain consensus on a recommended roadmap and provide guidance to NIST for their
R&D program. The workshop was held at the Radisson Lord Baltimore Hotel on October 2-3,
2003. Sixty individuals (Appendix 9.E) participated with a breakdown of employment as:
Structural engineering — 8

Fire protection engineering— 8

Architecture -3

Academia-9

Research and testing — 6

NIST-6

Regulatory officials—5

Associations — materials, professional — 14

Insurance- 1

The workshop was divided into 3 sessions, each started with a presentation of the session white
papers to all participants. The participants were assigned to four breakout groups: Design Fires,
Thermal Analysis, Structural Analysis, and Existing Buildings. Each discussed the session topic
according to its particular group focus. Group assignments were made for relatively even
representation of all disciplinesand background in each group. The groups convened at the end
of each sessionto share identified issues and needs. In the sections that follow, a summary of the
white papers is followed by a summary of the participants’ discussion points. The workshop was
opened with an overview of the NIST WTC response plan by S. Sunder, leader of the NIST WTC
investigation. Products developed are the summary presentations by each white paper author



(Appendix9.H), notes taken within each breakout sessions regarding issues and priorities for
research and design guidance (Appendix9.F), and priorities for the NIST roadmap developedby
individual breakout groups and by the group as awhole (Appendix9.G).



2. STATEMENTOF NEED
2.1 Code EnforcementPerspective

Jonathan Siu presented the perspective of the code official when confronted with the need to
review and approve building designs based on structural fire safety design principles. The code
official must balance the sometimes conflicting demands of the developer and designer, and user
and societal goals. In his view, the fire protection engineer often represents the concerns of the
developer in terms of seeking approval for a design that does not comply with the building code
in effect — either to reduce costs or because the architectural design does not itself conform to the
structures envisaged by the codes. The movement to a performance-based approach for structural
fire safety requires a paradigm shift in code enforcementaway from considering engineered
solutions as equivalents to existing prescriptive code provisions, to a new design approach based
on mutually agreed upon performance goals. In order to meet these challenges, the enforcement
community seeks well validated engineering informationwhich can supporta performance
approach. Key issues are the selection of performance standards, understanding their
implementation, selection of an accepted design event (i.e. size, location and duration of design
fires) and the influence of active fire protection systemson the design event, and validation of
computer models used for design and analysis. These issuesremain a barrier to the ready
acceptance of performance-based structural fire safety analysis and design in the enforcement
community.

2.2 Architectural Perspective

Dave Collins presented the perspective of the architectural community with respect to the current
state of the practice in fire safety design. Typically, the architect of record is responsible for many
aspects of fire safety design, including the protection of the structure, through the interpretation
and application of prescriptive code requirements, for which there is a well-established
framework. The architect is often in the unique position of both specifying these features and
finding alternative means to satisfy their intentwhen unique architectural aspects of the design
demand other solutions. A concern of the architectural community in moving away from
prescriptive code requirements of any kind is a determinationof the performance levels currently
offered by code complyingbuildings and a means to assure equivalent performance in
“engineered” solutions.

2.3 Engineer’sPerspective

A specific white paper was not prepared on this topic. However, there was discussion throughout
the workshop regarding the role of structural and fire protection engineers in the structural fire
safety design process. It was acknowledgedthat there is a need for structural engineering
expertise in structural fire safety design, but concern was expressed by many regarding a business
practice model and fee structure for this role. Fire protection engineers have more experience in
assisting the architectural community with unique fire safety situations; design and evaluation of
structural fire safety must be broadened to include the structural engineer for this aspect of fire
safety design.



3. FRAMEWORK FOR STRUCTURAL FIRE ENGINEERING AND DESIGN
METHODS

31 Overview

Greg Deierlein presented the structural engineering context for the implementation of fire safety
as an integrated component of structural design. The author noted that fire represents a small
component of the risk to a structure; further, the primary hazards presented by a fire event are not
structural, and speculated that this may be the reason why this aspect of structural design has not
been further developed and integrated in the overall design of the structure, but rather left to
prescriptive code requirements satisfied in the architectural design. Using the seismic analogy, an”
overall fiamework for incorporatingfire risk into structural design was proposed, including the
elements of fire hazard analysis, structural analysis, damage assessment, and loss and risk
assessment. An examplewas given of how a risk-based approach to fire safety design could be
integrated in parallel with other design loads. This performance-based methodology provides a
fiamework to identify research and development needs in a systematicway. These needs include:
the further development and refinement of a risk-based design fiamework that is consistentwith
models and approaches common to both the structural and fire protection engineering
communities; validated models for each element of the design process which have a probability
basis; and a focus on risk communication and perception.

32 Discussion

Workshop participants raised several issues with respect to the integration of fire into the
structural design context. There is a lack of understandingthat fire is different than other natural
disaster events. The current level of safety inferred by prescriptive building and fire codes, if
considered acceptable, must be defined. This may be accomplished using methods developed for
a performance-based approach. Similarly, since ASTM E I 19tests are generally accepted as
providing adequate safety, new approaches and levels of acceptable performance should be
defined and correlated to this system. Early applications of the approach may include signature
buildings, existing or historic buildings, and unique buildings with respect to structure, fire loads,
etc. Perhaps a separate performance-based code that would be applicable only for signature or
high-risk structures is needed. Simpletools and methods will also be required (as opposed to full
probabilistic analysis) if the methods are to see widespread use. It is believed that a significant
amount of information can be obtained by analyzingthe performance of structures in real fires. A
probabilistic approach may not account for certain loads such as terrorism and arson and may
need to be addressed. Additionally, for the structural engineer to take on additional liability for
fire safety design, responsibilities, business practices, and fee structure will need to be developed.
For implementation, standards are needed and documentation of non-U.S. approaches would be a
useful first step. Finally, education of the structural engineers must accompany this initiative.

33 Neadked Actions

Based on their discussions, workshop participants identified the following (non-prioritized)
needed actions to integrate structural fire safety design into the structural engineering context:

e Archive and mine existing real fire performance data to provide an immediate source of
data and identify gaps in needed information

o Identify the full range of accidental fire hazards, in addition to those considered in
building codes that may result in hazard to the building structure

10
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Communicate the concept of risk-based analysis and design as an essential part of
rational fire design

Provide education for the engineering profession on the structural fire performance
Develop funding resources for implementationof the roadmap

Leverage resources with other disaster resistance programs

Understand building performance in fire conditions

Develop specialized design and analysis tools for signatureand high-risk buildings which
recognize their unique vulnerability to fire

Develop data on risk-based design of structures for fire conditions and probabilities of
event occurrence

Incorporate the concept of the difference between large impact events over large area
(seismic) versus individual building fire (times number of buildings per year are affected)
in risk-based approaches to design and analysis

Define the relationship between fire safety engineeringand structural engineering
through the use of probability/event tree analysis

Normalize ASTM E-119with respect to engineeringbased design fires

Review and compare international codes vs. U.S. codes

Develop a significant structural code which considers the unique fire hazards that may
apply to these structures and provisions for their protection

Use analytical tools to determine how well existing practice provides structural fire
protection and structural safety

Develop minimum criteriathe context for structural fire safety design in the overall fire
design context and clarifies the differences between guides, standardsand codes
Develop minimum criteria for a fire safety design go/no go decisionto aid in determining
whether fire safety design is needed for a specific building (a minimum structural fire
safety level that is calculation based)

Define true cost vs. construction cost —i.e. include maintenance costs, business
interruption costs, and other “soft” costs that related to the fire condition

Consider fire hazards to structures in the context of other hazards

Society (through building codes) must decide on the method used for fire safety
evaluation

Of these action items, the archiving and mining of actual fire performance data wes
considered of high importance in the roadmap.
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4. RELATIONSHIP BETWEEN STRUCTURALFIREPROTECTION
DESIGN AND OTHER ELEMENTS OF FIRE SAFETY DESIGN

4.1 Overview

Craig Beyler summarized the current elements of comprehensive fire safety design for buildings,
including passive and active fire protection, detection and alarm, smoke management, egress
systems, contents/finish control and manual fire fighting. Current structural fire protection
requirements are based upon assumed fire load densities defined by occupancy as well as building
height and area. Structuralresponse is not calculated using advanced analytical methods but
rather assumed based on the results of a standard fire endurancetest. There are significant
science and engineering methods available to apply to this engineering problem; a context within
a rational fire safety design method is required to allow them to be implemented. Traditional
code requirements implicitly require that overall structural failures need to be prevented in the
absence of active fire protection, manual firefighting, or fire barriers; however, inherent
assumptions made in implementing this goal may be too conservative in some instances and
unconservative in other instances. Thus some assessment of the overall system performance and
reliability, on a performance basis, is needed to enable performance oriented structural fire safety
design. It was noted that structural performance itself has an impact on barrier integrity. Global
fire risk models are available internationally which rigorously account for the performance and
reliability of all structural fire design features but much research is needed to quantify/provide
input data for these methods. The primary research need is the development of an overall design
methodology framework. Additional research needs include the performance of structuraland
fire barriers, reliability and effectivenessmodels for sprinkler systems and fire departments, and
analysis and test methods to supporta risk-based design method.

4.2 Discussion

Workshop participants once-again questioned whether these approacheswould be used for all
buildings or for signature buildings only. The issue of acceptable levels of risk and who
determinesthem was raised as was code equivalent safety. The definition of failure or limit states
and a performance envelope are key parameters for a performance approach. Data are required on
fuel loads as well as accepted methods for definingthem for use in fire safety design.

43 Needed Actions

Based on their discussions, workshop participants identified the following needed actionsto
integrate structural fire safety design into the fire protection engineering context:

e Define characteristic fire loads for the design and analysis of structural fire performance.

e Provide professional training for engineersto enable competent structural fire safety
design.

e Develop all the needed steps in the process —tools, methods, codes, design guidelines —
to provide rational methods and a consensus framework for structural fire protection
design.

e Develop outreach program to disseminate the approach to authorities, owners/designers
and the public to ensure successful implementation.

e Consider changes in the assignment of professional liability for design engineersas a
result of the move to a calculation-based approach to structural fire safety design.

e Provide a performance-based option in building codes to enable this new design
approach.
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o Maintain the option for prescriptive design approach and quantify the level of protection
provided by current prescriptive code requirements using performance-based calculation
methods to serve as a performance benchmark.

e  Specify performance goals in the building code for both prescriptive and performance-
based options.

o Establish general procedures and identify roles for the design and enforcement
community in design and maintenance (change of use) of structuresin fire.

e Develop and implement more training and education programs for all parties involved in
design/construction process in this aspect of fire safety design.

e Conduct outreach program to develop understanding by all parties in the design process
that interaction between disciplines early in the design process will optimize the final
design.

o ldentify those building conditions (complexity, size, function)that should require
calculated fire resistance rather than a prescriptive solution.

e Building code performance goals should not require consideration of extreme events in
buildings.

e Provide guidance about the types of tools and procedures that should be used in
calculating fire resistance (fire load estimation, thermal analysis, structural analysis) —
guidance should include the level of complexity and types of tools currently available.

Of these action items, quantifying the level of protection provided by current
prescriptive code requirementswas considered of high importance in the roadmap.

13



5. ANALYSISTOOLS

Structural fire safety design of new buildings is typically a three-step process: assessment of
the thermal input to the structure (i.e. design fire); assessment of the thermal response of the
structureand its fire protection; and assessment of the structural response to the design fire.
Each of these three topics is addressed separately in sections 5.1 to 5.3 that follow. Section
5.4 addressesthe approach to analysis of structural fire safety in existing buildings.

5.1 Design Fires
5.1.1 Overview

Morgan Hurley summarized the current methods availableto predict the fire boundary
condition. The applicationand limitations of closed form algebraicequations and
computerized fire models relevant to the modeling of fully-developedenclosure fires,
window flames and fire plumes were reviewed. The presenter also addressed probabilistic
issues including uncertainty in model inputs, active intervention fiom sprinklersand manual
fire fighting and extreme events. Knowledge gaps were identified in the areas of fire load
data and fuel characteristics, active intervention, long narrow enclosure fires, window flames
with varying fuels, and validation of computer models for more complex geometries and
scenarios.

5.1.2 Discussion and Needed Actions

Workshop participants extended the discussion on design fires by exploring the topic of frre
modeling. It was agreed that one-zone models were the most relevant to the post flashover
condition and that the focus should be on enhancing those models, rather than.on more
complex models such as NIST’s Fire Dynamics Simulator (FDS).

Based on their discussions, participants identified the following research needs:

¢ Improve models and analysis tools for fire loads and their effects. Priorities identified
were: the integration of modeling of heat release rate into fire-development models;
modeling of mixed types of combustible materials; and effect of today’s internal
floor and wall covering combustibility on fire severity.

e Improve models and analysistools related to ventilation effects. Priorities identified
were: predicting the size of broken glass openings based on window types; effects of
glazing characteristics and number of panes on ventilation opening; estimating the
impact of numerous openings on different walls with various characteristic
dimensions; quantifying stack effects; quantifying the impact of mechanical
ventilation and air-conditioning systems and wind regimes on ventilation
characteristics.

e Developtools to quantify the effect of active intervention in the form of sprinklers
and fire fighters.

o Develop partial safety factors indicatingthe respective influence of fire loads and
boundary conditions and their geometrical features and material properties.

e Improve models and analytical tools that analyze the effects of the building
envelope’s thermal construction (both thermal mass and insulation properties)

e Improve models and analysistools for compartment geometry, specificallytall
compartments, long and narrow compartments, and concave compartments.
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e Improve models and analysis tools for propagation of fully developed fires into other
spaces.

e Develop criteriafor software validation and benchmarking (by experimental evidence
and between models), and identify limits of model validity.

Improve models and analysis tools for fire spread through window flames.

e Identify and collect data and information needs for fire modeling, specificallya
survey of fire loads and their surface areas, including data for various spaces in
typical occupancies

e Collect real fire statistical data.

None of these research needs were identified as of high priority by workshop participants as
awhole.

5.2 Thermal Analysis

5.2.1. Overview

James Milke presented a survey of heat transfer analysis methods currently available for
analyzing the thermal response of a fire-exposed assembly. Lumped heat capacity, steady state
heat balance, and semi-infinite slab closed form methods were reviewed with limitations for each
described. Graphical methods using temperature profiles on cross-section of structural elements
based on ASTM E-119 standard fire exposure, shown as thermal isotherms, were reviewed.
Numerical finite element and finite different methods were also reviewed, with a focus on
numerical codes developed specifically for the fire condition. The major limitation of all
methods identified is the lack of accurate material property data for input, including assumptions
regarding homogeneity, moisture movement and gross physical changes (spalling, lack of
integrity).

5.2.2 Discussion and Needed Actions

Workshop participants concurred with the assessment that current thermal analysis methods are
adequate with a few exceptions noted below:

e Thermal analysis methods that respond to unique boundary conditions such as plastics or
wood burning adjacent to structural elements

e Thermal analysis methods for timber structures
e Thermal analysis methods to account for water spray on structural elements

e Thermal analysis methods that explicitly account for joints or seams in membranes (for
example suspended ceiling systems)

e Thermal analysis methods that account for openings in membranes such as fire doors

e Thermal analysis methods that account for geometry that changes with time in the fire
event — eg. spalling, intumescent coatings

e Thermal analysis methods that explicitly account for moisture migration

Workshop participants also identified a range of material property data needs to be used in
existing thermal analysis models:
e Wide public availability of material property data in a form suitable for modeling,
includingresults of proprietary tests
e Standard test methods for determining material properties at elevated temperatures

15



e Specific Elevated Temperature Material Properties
a) cooling phase properties (when are not reversible)
b) new materials (new concretes)
c) glass (windows and structural)
d) material stickability
e) material contact resistance

They also noted that there is a need to interface thermal analysis methods with Computational
Fluid Dynamic (CFD) models for fire’exposure.

Of these research needs, the development of standard methods for determining material
properties at elevated temperatureswas considered to be of high importance by workshop
participants.

5.3 Structural Analysis
5.3.1 Overview

James Milke reviewed elementary mechanics approaches for evaluatingthe performance of
structural elements at elevated temperatures, along with limitations for each method. Steel,
timber, concrete were treated separately for beams and columns (flexural and compression
behavior) A comparison by Hosser et al. was described which rated the various methods
available using criteriarelated to applicationand accuracy. The currently available numerical
analysis methods, which are primarily finite element methods, developed specifically for
analyzingthe response of structural componentsto elevated temperature exposure were also
presented. A review of a limited number of frame analysis applications was also presented.
These are limited by assumptions regarding connection behavior and this area is the subject of
several current research initiatives internationally. Research needs identified include the need for
a coupling of thermal and mechanical effects, connection behavior, mechanical and thermal
properties at elevated temperatures for structural materials, and experimental validation.

5.3.2 Discussion and Needed Actions

Workshop participants reviewed currently available numerical analysis methods and identified
several limitations in terms of validation. There was a consensus that, in comparison with other
materials, steel behavior is better understood and predicted by current analysis methods. The
connection between blast effectsand fire was also noted as an area of interest. Finite element
analytical tools (ABAQUS, ANSYS, LS-DYNA, etc) provide for the most accurate prediction of
structural response under fire conditions. These tools are very useful for research or for design
studies by specialized consulting firms. However, such sophisticated analytical tools require a
high degree of knowledge by the user, and are costly to develop and interpret the results.
Consequently, finite element analytical tools are probably not suitable for routine design
applications. However, when they are used, the analytical tools that use explicit integration
schemesare likely preferable to those that use implicit integration. Structural element based
models (fiame models) are likely to be most suitable for routine analysis of structural response
under fire conditions. Such models are very commonly used at present for structural analysis
under other load conditions (gravity, wind, seismic)and could potentially be extended to include
structural fire response analysis. Commercial software developers would likely incorporate fire
response analysis into their frame analysis programs if the basic modeling information were
available and if sufficient demand exists for such models.
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The following research needs were identified:

(o]

Develop criteria for failure or limit states for predicted structural response under fire. That is,
what level of deformation, force or other measures of structural response predicted by a
structural analysis model will be considered as failure?

Develop structural analysis models, starting at the material level, and then work up towards
the system level.

Develop structural analysis models (for materials, members, connections, etc) which must be
accompanied by experimental research for understanding, calibration and validation of
models.

Conduct research-quality structural fire experiments.

Incorporate certain aspects of the response of concrete structures at high temperature,
including larger strength reduction of high strength concrete, spalling, post tensioned systems
and anchorage, into the analysis methods.

Construct structural-fire test facilities in the US to develop the needed research quality
experimental data. Such facilitiesmust have the capabilities to apply complex structural
loads to elements, connections, subassemblies, etc at elevated temperature and at realistic
scales.

Conduct a limited number of full-scale building tests under fire conditionsto enhance
understanding of system response and to validate structural analysis models (tests similar to
those conducted at Cardington). There may be a possibility of conducting such tests on
existing buildings that are scheduled for demolition.

Develop a set of "*benchmark" problems for validation as structural element based models are
developed for predicting structural fire response.

Develop a structuralanalysis method with specific capabilitiesunique to fire.

Develop more complete temperature dependent material properties (substantial data already
exists for steel and concrete under simple stress conditions; need additional data for material
response under complex states of stress, and rate dependent response)

Develop connectionresponse models (inadequate data available at present to develop reliable
connection response models; substantial research is needed on connection behavior at
elevated temperature).

Model element (beams, columns, braces, etc) behavior under complex 3-dimensional loading
(e.g., biaxial bending plus compression) and elevated temperatures and temperature
gradients; models should include plasticity and post-peak (unloading) response (substantial
experimental data and model development work are needed here)

Improve 3-dimensional modeling capability, including floor slabs and membrane/catenary
action (there is some data available on membrane action in slabs, but more is needed)

Of these research needs, workshop participants identified the need to define failure/limit
states, the need to develop benchmark problems for model verification, and the need for
large scale structural-fire experimental facilities in the U.S. as having high priority.

5.4 Existing Buildings

5.4.1. Overview

Fred Mowrer and Bob Iding described the general approach to analysis of structural fire safety in
existing buildings, noting that approaches are similar to those used for new buildings, but that
factors such as undocumented design basic, presence of archaic building systems and materials,
concealment of design details, and unknown condition of concealed elements complicate the
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analysis. The seismic retrofit analogy Wes explored, noting that fire differs from seismic design
in that seismic loads can be predicted based on statistical data; in fire, both the frequency and the
magnitude of fires are influenced by human interactions and design decisions. Key elements in
an analysis of existing buildings which merit further research are the identification of relevant fire
scenarios to be considered, means to incorporate uncertainties into analysisand design, and
development or adaptationand use of non destructive evaluationtechnologies for the fire
condition.

5.4.2 Discussion and Needed Actions

Workshop participants discussed lessons to be learned from seismic retrofit analysis procedures.
Tools and methods to evaluate existing structures are needed, as well as a prescribed means to
utilize design documentation that may exist. = Consideration should be givento load paths, non-
visible structural redundancy, and fuel load assessments. Masonry was identified as an area
where more informationis needed. A multihazard approachto retrofit was recommended.

The following research needs were identified:

e Collect data fiom full scale buildings tests measuring effective properties of existing
materials and existing fuel loads which focus on the performance of archaic (not new)
materials and systems

e Develop performance metrics for multihazard building robustness

The development of-performance metrics for multihazard building robustness was
consideredto be a high priority need by workshop participants.
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6. BEST PRACTICESAND SUPPORTING TECHNICAL DATA
6.1 Overview of Current International Codes and Standards

Andy Buchanan presented an overview of the international status of design standards for
structural fire safety, beginning with a review of the international performance based regulatory
environment and the context of structural fire design within overall firesafety design. The review
included current available information on loads for structural fire design, fire severity and
standard fire exposures, fire resistance of building elements, failure criteria, and material specific
design standards. It was concluded that the Eurocodes represent the best current source of
accepted, authoritative information on structural fire design.

Barbara Lane presented a practice perspective on design methods, analysis tools and regulatory
frameworks needed to implement structural fire safety design. Changesto building codes to
identify accepted methods and performance criteria for regulators and designersare needed. For
routine application of an engineeringapproach, simple, validated analysis tools are needed and
are available in many situations. Gaps include structural system-specific methods (e.g. ribbed
slabs), the acceptance by the regulatory community of these methods, and available guidance on
their application. Similarly, there must be validation and guidance for regulatory approval of
more advanced methods, including compartment fire models, heat transfer to compartments, and
structural response to fires. Availability of information on structural fire performance was
identified as a key need for the design community; this includes both the development of a robust
research base and an information management system to make it easily accessible for routine use.
The development of consensus failure and performance criteria for structural fire safety is a key
design need, as are simple design approaches for connection behavior at elevated temperatures.

Fred Mowrer and Bob Iding discussed design approachesto building retrofit for fire. Thereis a
need for standardswhich are unique to the retrofit problem which include retrofit trigger criteria,
codification of fire loadings, and approved retrofit technologies to enhance the structural and/or
thermal performance of the overall structure. An evaluation methodology and checklist of
critical assessment features and retrofit techniques was presented. Needs identified included an
assessment of non destructive testing methods, an engineering guide to retrofit options, and
evaluation of a multihazard approachto retrofit.

6.2 Discussion

Workshop participants discussed the need for best practices and design methods in the areas of
design fire exposures, thermal analysis methods, structural design, and retrofit of existing
buildings.

For design fire exposures, more accurate statistics are required to calibrate currently available
Eurocodes design fire loads and a probabilistic approach must take into account other mitigating
measures (e.g. a post flashover fire may not occur).

Although methods are available for thermal analysis, there is no generally accepted design
criteria. There is also a need for standardized validation criteria for software and its applicability,
and standardized fire test methods for material properties at elevated temperatures.

The Eurocodes were considered a good starting point for structural fire design. However, the

applicability to U.S. design practices of the data that support the provisions of the Eurocodes is
unknown and must be established before the Eurocodes can be accepted in the U.S. The issue of
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design responsibility over the life of the structure was addressed: i.e. as changes in occupancy or
geometry occur, this may have impacts on structural fire safety.

There is little knowledge available on retrofit of existing structures for fire, nor standard
inspection procedures. Owner incentives may need to be provided; education is a major
component of retrofit best practices and must extend beyond the engineering community.

6.3 Needed Actions
The following needs for best practices/design guides and standards were’identified:

Design Fires
e Develop design fires using risk-based methodology to account for various fire scenarios;
validation with firetests
* Develop a catalogue of standard or benchmark fire loads for generic occupancies

Thermal Analysis

o Develop a design guide using existing thermal analysis methods

e Standardize validation of thermal analysis computer models and clear definition of its
applicability
Publish available material property data in a form suitable for model input

e Codify thermal analysis methodology — agreement on acceptable methods for various
applications and limitations

e Publish model output, available in a form sunablefor use by various groups (engineers,
authorities havingjurisdiction, etc)

e Standardize test methods to evaluate thermal properties of materials

Structural Design
e Research results to support/validate existing Eurocode methods
¢ Develop and validate of connection design methods for the fire condition -
e Develop codes of practice to assign responsibility for structural fire design over the life of
the building
e Develop design methods to account for interaction of structure and the compartment (ie
when the structural barrier itself become involved in the fire scenario)

Upgrade of Existing Buildings

Establish design and performance criteria for structural fire safety retrofit

e Develop and implement owner incentivesto upgrade the structural fire safety of existing
buildings

e Implement education programs to overcome the perception (cultural) that structural fire
protection doesn’t change with time

e Develop guidelines for the enforcementand engineering communities —e.g. “Evaluation
And Remediation Of Structural Fire Performance Of Existing Buildings”

Workshop participantsidentified the following as having the highest priorities from the
above list:

e Design Fires - Develop design fires using risk-based methodology to account for
various fire scenarios; validate with fire tests



e Structural Design — Develop and validate connection design methods for the fire
condition

e Structural Design —Develop codes of practice to assign responsibilityfor structural
fire design over the life of the building

e Upgrade - Develop guidelinesfor the enforcement and engineering communities —
e.g. “Evaluation And Remediation Of Structural Fire Performance Of Existing

Buildings”



7.RESEARCH PRIORITIESFOR DEVELOPMENT OF NATIONAL ROADMAP

Workshop participants identified the following research needs as having the highest priority for
development of best practices for structural fire safety design and retrofit of structures(shown
with the number of votes given by participantsas a percentage of the total votes cast. Note that
this list representsthe highest priority items only, other items received less than 1% votes):

1 Build and utilize structural-fire experimental facilities in U.S.to apply complex
structural loads to large-scale components at elevated temperature — 6%

2. Develop more research quality experimental data on the behavior of the following
structural components and material properties at elevated temperature — 6%
a) multi-axial stress and rate effects (creep) of materials
b) structural connections
c) membersunder complex loading
d) subassemblies
e) structural systems

3. Quantify level of protection provided by current prescriptive code requirements —
5%

4. Collect actual fire performance data — 5%

5. Define failure/limit states for structural response in fire — 5%

6. Develop guidelines for enforcement and engineering communities on evaluation and
remediation of structural fire performance of existing buildings — <)

7. Specify performance goals in the building code for prescriptive and performance-based
options — 4%

8. Develop performance metrics for multihazard building robustness — 3%

9. Develop a risk based methodology for design fires and the data to support it; place

into a standard — 3%

10. Develop standard methods for determining material properties at elevated
temperatures = 3%

11. Investigate fire performance of structural connectionsto and develop and validate
engineering methods to predict this performance — 3%

12. Develop benchmark problems for verification of analytical tools — 2%
13. Specify professional responsibilities for structural fire protection over the life of the

building — 2%

Table 7.1 showsthese priorities for actions mapped against the expected products of NIST
Research and Development program in structural fire safety of new and existing buildings.
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Expected Products

Needed Actions

Structural Fire Safety Design of New Buildings

e Best practices for fire safety design
of structures’.

e Guidelines/pre-standards for fire
safety design of structures.

3. Quantify level of protection provided by current
prescriptive code requirements — 5%

5. Define failure/limit states for structural response
in fire - 5%

7. Specify performance goals in the building code
+ for prescriptive and performance-based options —
4%

8. Develop performance metrics for multihazard
building robustness — 3%

9. Develop a risk based methodology for design
fires and the data to support it; place into a
standard - 3%

13. Specify professional responsibilitiesfor
structural fire protection over the life of the
building — 2%

Analysis of Structural Fire Performance

e Best practicestools for analyzing
structural fire performance.

e Load and resistance factor
methodology for structural fire
safety.

e Selectedverified/validated
predictive tools for analyzing
structural performance in real fires.

1. Build and utilize structural-fireexperimental
facilities in U.S. to apply complex structural
loads to large scale components at elevated
temperature — 6%

2. Develop more “research quality” experimental
data on structural response at elevated
temperature — 6%

4. Collectactual fire performance data — 3%

10. Standard methods for determining material
properties at elevated temperatures — 3%

11.Investigate fire performance of connections — 3%

12.Develop benchmark problems for verification of
analytical tools — 2%

! Steel, concrete, and steel-concrete composite construction
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Table 7.1 (continued)

Structural Fire Safety Evaluation and Retrofit of Existing Buildings

e Guidelines/pre-standards for
structural fire safety evaluation of
existing buildings.

e Best practices for fire safety
retrofit of structures.

e Guidelines/pre-standards for fire
safety retrofitting of structures.

3. Quantify level of protection provided by current
prescriptive code requirements — 5%

5. Define failure/limit states for structural response
in fire = 5%

6. Develop guidelines for enforcementand
engineering communities on evaluation and
remediation of structural fire performance of
existing buildings — 5%

7. Specify performance goals in the building code
for prescriptive and performance-based options —
4%

8. Develop performance metrics for multihazard
building robustness — 3%

9. Develop a risk based methodology for design
fires and the data to support it; place into a
standard — 3%

13. Specify professional responsibilities for
structural fire protection over the life of the
building — 2%
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8. RECOMMENDATIONS

The top 13 research needs identified by workshop participants can be grouped into the following
three main categories:

e Obtain/develop research-quality real and experimental data on structural fire performance
(priorities# 1, 2, 4, 11 and 12 - total 22%votes)

e Codify/standardize performance goals, criteriaand methodologies for structural fire
design and analysis (priorities# 3, 5, 6, 7, 8, 9, and 10 —total 28%%votes)

o Specify professional responsibilities for structural fire protection of buildings (priority #
13 —total 2%votes)

Of the above three categories of research needs, the top two - collection of structural fire
performance data and codification/standardization of performance goals and criteriato provide
guidance for structural fire design and analysis — received the most number of votes (22%and
28%, respectively). Thus, there appeared to be a general consensus that better data and an
accepted design and regulatory frame work are most needed for progress in structural fire safety.
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9. APPENDICES
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Appendix 9. A:
Workshop Prospectus

National R&D Roadmap for Structural Fire Safety Design and Retrofit of Structures

Need

Current building design practice does not consider fire as a design condition for purposes of
evaluating structural performance. Instead, structural fire endurance ratings are specified in
building codes. In addition, there is no accepted set of verified tools to evaluate the fire
performance of entire structuresand to achieve engineered fire safety. Thus, there is widespread
recognition of the need to develop and implement significantly improved tools, practices, and
standards that explicitly consider structural fire loads in the design of new structuresand the
retrofit of existing structures. Background information on this need is attached.

Expected Products of NIST R&D

The National Institute of Standardsand Technology (NIST) recently initiated a major R&D
project to develop and implement significantly improved standards, tools, and practical guidance
for the fire safety design and retrofit of structures in partnership with key stakeholders. The
project will integrate knowledge of modem fire science and fire protection engineeringwith
knowledge of modern structural reliability methods and structural engineering. Specifically, the
project aims to produce the following key products over a multi-year period:

Structural Fire Safety Design of New Buildings
e Best practices for fire safety design of structures*.
e Guidelines/pre-standards for fire safety design of structures.

Analysis of Structural Fire Performance

e Best practices tools for analyzing structural fire performance..

e Load and resistance factor methodology for structural fire safety.

e Selected verified/validated predictive tools for analyzing structural performance in real fires.

Structural Fire Safety Evaluation and Retrofit of Existing; Buildings

e Guidelines/pre-standards for structural fire safety evaluation of existingbuildings.
e Best practices for fire safety retrofit of structures.

e Guidelines/pre-standards for fire safety retrofitting of structures.

Workshop to Develop R&D Roadmap

NIST plans to hold a three-day workshop® to develop a detailed roadmap that will identify the
R&D gapsto be filled to achieve each of the products identified above. Workshop participations
will include representatives from engineering practice, relevant standards and codes committees,
and technical groups as well as experts in structural reliability, fire protection engineering, and
structural fire analysis. While the focus of the workshop is on U.S. practice and codes and
standards, a limited number of international experts will be invited to provide perspective on
important recent developmentsin these areas elsewhere around the world.

2 Steel, concrete, and steel-concrete composite construction
? Afternoon of the first day, full second day, and until noon the third day.
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The workshop will also invite representativesfrom codes and standards organizations to develop
and present a framework in which the above R&D products will fit and that maximizestheir
value to the private sector codes and standards development effort.

Background

Balancing the competing demands for fire safety and economy in a rational manner requires the
development of performance-based methods to measure and predict the behavior of fill-scale
structures under fire conditions.

Five key factors must be considered in developing such performance-based methods:

First, while the current standard fire endurance test method, which stipulatesa prescribed
time-temperature exposure, is adequate to compare relative performance of structural
components, it does not provide any indication about the actual performance (i.e., load
carrying capacity) of a component in a real fire environment (e.g., involving fire of building
contents, hydrocarbon pool fires, or a combination thereof).

Second, the role of structural connections, diaphragms, and redundancy in enabling load
transfer and maintaining overall structural integrity (i.e., preventing progressive collapse)
during fire is ignored in structural design. Current design methods are based on fire
endurance tests of single components and do not account for the behavior of inter-component
connections or the complex two- and three-dimensional behavior of the entire structure.

Third, there is a need to evaluate the effectivenessof alternative design, retrofit, and fire
protection strategiesto enhance structural fire endurance (including alternate cementitious
spray or board systems, intumescent coatings, high-performance fire protective coatings,
active suppression systems, and more sensitive sensing and monitoring). No practical, high-
level models exist today that couple the fire dynamicsto the structural system response, and
the resulting transient, multi-dimensional heat transfer through structural components made
with multiple materials.

Fourth, there is a need to better model and predict the fire hazard to structuresfiom internal
and external fires (e.g., due to accidents or terroristthreats). This includes deterministicand
probabilistic models for specifyingthe magnitude, location, and spatial distribution of fire
hazards on structures(e.g., design fire scenarios, extreme events such as 10% in SO-years and
2% in 50-years); determination of reliability-based load factors for combined dead, live, and
fire loads and resistance factors for loss in structural strength and stiffness; and methods for
load and resistance factor design (LRFD) under fire conditions.

Fifth, there is a lack of knowledge about the fire behavior of structures built with innovative

structural materials (e.g., high-strength concrete or steel structures) or passive fire protection
materials.
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Appendix 9.B
Steering Committee Members

Lou Gerschwinder, American Institute of Steel Construction
Jim Rossberg, American Society of Civil Engineers

Steve Szoke, Portland Cement Association

Pravin Gandhi, Underwriters Laboratories, Inc.

Chris Marrion, Arup Fire

Kathleen Almand, Society of Fire Protection Engineers
Robert Duval, National Fire Protection Association
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Appendix 9.C
Fire Safety Design and Retrofit of 