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ABSTRACT

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 to put structural fire protection on a stronger scientific footing. The
first phase of this program focused on addressing the poor performance of high strength concrete
(HSC) in fire, which was not yet reflected in any design codes. The catastrophic collapses of the
World Trade Center underscored the need not only to accelerate but also to broaden this effort to
include fire safety design of steel construction. A workshop calling upon scientific and
engineering experts in materials, fire protection, and structural design was held February 19 and
20, 2002, at NIST to identify the research required to underpin meaningful test and predictive
methods for use in evaluating the performance of structures subject to real fires. The specific
objectives of the workshop were to review current practices for achieving fire resistance; to
explore the promise of fire dynamics simulations and structural behavior predictions at elevated
temperatures; to identify new fire resistance options coming from materials science; to identify
opportunities and needs in advanced computational methods; and to identify applications and
needs for emerging measurement, instrumentation and test methods. Commercial, academic and
government experts provided background and suggestions on how best to achieve the objectives,
from the perspective of the discipline they represented. This information is summarized in these
Proceedings. Key recommendations include the following:

e to develop new experimental methods for measuring high temperature thermal and
mechanical properties of structural and insulating materials;

e to develop experimental facilities and capabilities for measuring the behavior of real-scale
connections and assemblies under controlled fires that permit extrapolation to total building
frame behavior up to the point of failure;

e to improve the physics and speed of sophisticated numerical models, and to expand the use
and acceptance of proven, simpler computational design tools;

e to establish as a goal the need to predict the performance of coupled building systems in
elevated temperatures to the point of impending failure;

e to develop a strategy to effectively incorporate technological advances in structural fire
resistance into engineering tools that support performance-based design alternatives;

e to train and improve communications between the architecture and engineering professions;
and

e to appreciate the needs of, and better train, building code officials and regulators.
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FIRE RESISTANCE DETERMINATION & PERFORMANCE PREDICTION
RESEARCH NEEDS

BACKGROUND

The enormity of the loss of life and the economic impact caused by the destruction on September
11,2001, has led the scientific and engineering community to recognize its responsibility to
understand the technical issues associated with the buildings that collapsed that day. The Twin
Towers, as designed, withstood the physical impact of the aircraft but succumbed to the thermal
impact of the ensuing fire. WTC 7, with unknown but significantly less structural damage
collapsed hours later, apparently due to the fire that burned unchecked, making it the first
instance of a building of such a design to ever fail by this method. The relative amount of
damage to the Pentagon due to the initial impact and due to the subsequent fire has been
investigated, which is important if we are to learn the right lessons from the observed building
performance, occupant behavior, and fire fighter response.

Central to all these events is the fire resistance of the structures. No one did a calculation ahead
of time to predict how resistant to heat these buildings were in the event of an extreme fire.
Why? Consider the following reasons:

e There was no code requirement to include a realistic fire scenario.

e A plane crash into a high-rise building followed by severe fire had never occurred.

e Structural engineers anticipated a possible accidental hit by an aircraft, but the architect
responsible for fireproofing did no fire analysis.

e The structural elements were protected with fire resistant coatings and panels following the
accepted practice of the day.

e In the late 1960s (when the buildings were designed), the engineering tools available to
predict the performance of structural connections and assemblies in an actual large fire
setting were primitive.

e The prevailing mindset at the time the Towers were designed was "the engineer designs the
structure and the architect specifies the fire protection."

The National Institute of Standards and Technology's (NIST's) Building and Fire Research
Laboratory (BFRL), as the national laboratory responsible for research into building fires,
initiated a program prior to the events of September 11 to put structural fire protection on a
stronger scientific footing. The first phase of this program focused on addressing the poor
performance of high strength concrete (HSC) in fire, which was not yet reflected in any design
codes. As a result, scientific data and knowledge related to mechanical properties of HSC at
high temperature, methods for mitigating explosive spalling in fire-exposed HSC, and
recommended code provisions for HSC strength-temperature relationship were developed and
published [30-32]. However, the catastrophic collapses of the World Trade Center underscored
the need not only to accelerate but also to broaden this effort to include fire safety design of steel
construction. A workshop calling upon scientific and engineering experts in materials, fire
protection, and structural dynamics was held February 19 and 20, 2002, at NIST in Gaithersburg,
MD, to identify the fundamental research required to underpin meaningful test and predictive



methods for use in evaluating the performance of structures subject to actual fires. The agenda
with the topics covered, speakers names and affiliations is shown in Appendix I. Appendix II
includes a list of those who attended, and Appendix III contains the presentations.

WORKSHOP ORGANIZATION AND OBJECTIVES

The tone of the workshop was set by Sunder (see Appendix III. A) who provided an overview of
the NIST strategy for advancing standards, technology and practices leading to cost-effective
safety and security of buildings and critical facilities, with explicit reference to the proposed
investigation of the World Trade Center disaster. In addition to the 24 month investigation, the
strategy calls for sustained research and a developmental effort in structural fire protection;
human behavior, emergency response and mobility; building vulnerability reduction; and an
industry-led roadmap for construction and infrastructure support. As part of the structural fire
protection program, research and development are proposed for methods of fire resistance
determination, improved fire resistance coatings and materials, fire safety design and retrofit of
structures, and mitigation of progressive collapse.

Grosshandler laid out a vision that extended beyond a direct response to the events of 9/11/01
(see Appendix III. B): Vision Scientifically-based performance predictions for the design and
operation of buildings, accepted by regulators and major stakeholders, that enable a rational
balance of competing demands for fire safety, function, economy, aesthetics, and environmental
stewardship.

Improvements to current understanding of instrumentation development, computational methods,
and measurement techniques are needed to achieve this vision. The need for performance
prediction extends to building materials, products, structural elements, and systems up to the
point of imminent fire-caused collapse of a significant load-bearing element. Assessment of the
uncertainties in the prediction of performance, and convincing the regulators and stakeholders of
the validity of the uncertainty established, will be as important as the development of the tools
themselves.

The specific objectives of the workshop were laid down by Grosshandler as follows:

e to review current understanding of practices for achieving fire resistance;

to explore the promise of fire dynamics simulations and structural behavior predictions;

to identify new fire resistance options coming from materials science;

to identify opportunities and needs in advanced computational methods; and

to identify applications and needs for emerging measurement, instrumentation, test methods.

Commercial, academic and government experts provided background and suggestions on how
best to achieve the workshop objectives, from the perspective of the discipline they represented.
This information is summarized in the following sections, loosely categorized as History and
Current Practice, Fire Testing and Simulations, Fire Resistant Materials, and Structural
Performance. The final sections provide a summary of the workshop and list specific
recommendations.



HISTORY AND CURRENT PRACTICE

P. DiNenno and C. Beyler

DiNenno and Beyler (Appendix III. C) provided an overview of designing fire resistance for
buildings. The first fire endurance tests in the U.S. were conducted in Denver on floors in 1890.
The New York City Building Department adopted a code around 1900, which required floor
systems to endure a five hour exposure to a furnace maintained at a temperature of 1100 °C with
a mass loading of 211 kg/m?, and to subsequently withstand a load four times this for 24 h. A
furnace for conducting the test was located at Columbia University. The Baltimore fire in 1904
led to the formation of an ASTM committee to develop an American standard for fire

resistance. The first standards were released in 1908, with similar load requirements but the
peak furnace temperature decreased from the New York code to 927 °C. Within the next ten
years, testing was being conducted at Factory Mutual, the National Board of Fire Underwriters,
the National Bureau of Standards and Underwriters Laboratories. Standard fire resistance tests
for loaded columns began to be developed at UL around 1917. The year 1918 saw the release of
ASTM C19, the first edition of the standard that is now numbered ASTM E119 [1], which
contained provisions for floor and wall testing using a standard time-temperature curve and a
25% safety factor with respect to time. Ingberg [2] of the National Bureau of Standards led the
efforts in the U.S. during the 1920s, examining different fuel loads and suggesting that

integrating the furnace temperature over time was a way to compare performance among various
fire scenarios and furnace conditions.
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Figure 1. Photograph [3] of building fire as part of a series of tests used to develop time-
temperature curve. Inset is a wall assembly ready for testing in the ASTM E119 furnace.



The compelling needs for fire resistance are the following:

e to prevent building collapse;

e to prevent fire spread from building to building;

e to contain the fire from spreading horizontally through wall partitions and vertically
through floor assemblies;

e to maintain safe means of egress;

e to control the movement of smoke; and

e to provide for fire fighter safety

Today, fire resistance requirements are established in a purely prescriptive manner by building
code and are a function of occupancy, height and area of the space, and whether or not sprinklers
are present. Testing is done routinely at many commercial laboratories following the procedures
specified in ASTM E119, NFPA 251 [4], ISO 834 [5], or some variant developed by FM or UL.
A standard time-temperature curve, based upon the work of Ingberg, is used to challenge the test
specimen. Pass/fail criteria are based upon the peak temperature attained at the back of the test
article and/or whether or not the test article collapses or distorts in a fashion that allows hot gases
to escape (and in the case of E119, whether the wall can withstand the pressure of a hose stream).
Many structural elements are tested unloaded; there is no limit on the amount of deflection that a
beam can undergo and still pass the test; and connections are not tested at all. Products that are
tested with these methods are assigned an equivalent fire endurance time (in hours).

The materials and systems currently used to provide fire resistance to structural members include
sprayed fibers, cementitious materials, mastics, intumescent paints, suspended ceilings and
drywall assemblies (membranes), concrete encasements, tiles, and plaster/lath. The adhesion and
cohesion properties of spray-on fireproofing [6], and gross behavior when exposed to modest
deflection and indirect impact loads are measured in standard tests [15, 16], but hardness and
resistance to direct impact are not explicitly measured.

While a number of revisions were made to the above standards throughout the twentieth century,
the prescriptive nature for these fire resistance test methods remains unaltered, in spite of
changing fire loads and significant advances in our knowledge of fire and structural behavior.
As early as the 1950s the engineering community was beginning to understand a number of
situations that caused the fire exposure curve established by Ingberg [2] to vary significantly
from reality, including post-flashover fires, ventilation controlled fires, and different insulation
properties of wall linings. More was understood about the thermal response of columns and
beams to changes in temperature, with new analytical, numerical, and experimental methods
being developed to predict column buckling, beam deflection and truss deflection. Finite
element heat transfer models, structural response models (e.g., FASBUS [7]), and models of post
flashover fire conditions (e.g., COMPF [8]) were available by 1980. It is suggested by DiNenno
and Beyler (Appendix III. C) that all of these tools can be brought to bear on the problem of
predicting fire resistance performance of structural systems.

Figure 2 provides a framework for working these issues. Design fire exposure should be dictated
by a modern fire load survey, and the knowledge gained from our capability to characterize local
heat flux in a way more meaningful than provided by the well-stirred assumption. Data on the



thermal and mechanical response of insulation systems needs to be institutionalized, and
standard test methods and performance criteria developed for mechanical response, non-fire
impact loading and fire exposure. The performance of fire barriers is needed along with that of
load-bearing elements. The relative role for full structural models and detailed local deformation
analysis needs to be assessed, especially regarding the performance of connections. A full
compliment of test methods are needed to establish engineering properties. Furnace testing
should be severe; e.g., ASTM E1529 [9] is a simple bounding fire exposure that provides a
harsher (compared to ASTM E119) thermal test of the mechanical properties of fireproofing
materials. Test methods should relate more directly to the mechanical and thermal environment
likely to be experienced in a real structural fire, and should be used primarily as a validation of
engineering methods. Performance criteria must be established depending upon the question
being asked.

The greatest difficulty encountered in advancing fire resistance performance prediction,
according to DiNenno and Beyler, is translating our increased understanding and technology into
codes and standards. It is necessary to develop a broad consensus for the need to change how
fire protection engineering is done. Science-based fire protection design practices need to be
codified, and building codes must be formulated to accept new practices. Education of
engineers, architects and authorities having jurisdiction is essential. Science-based structural fire
protection is technically achievable, though it will require a total reexamination of how things
are done, from product listing to design to operations (inspection, testing and maintenance). The
payoff is known cost-effective performance and assured safety.
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Figure 2. Science-Based Structural Fire Protection Design (DiNenno and Beyler)



J. Milke

Milke (Appendix III. D) described an effort by the American Society of Civil Engineers (ASCE)
and the Society of Fire Protection Engineers (SFPE) to develop a standard on performance-based
structural fire protection analyses, motivated by the difficulty in relating the current comparative
tests to actual fire performance. The new standard will outline calculation procedures to link the
results of tests to structural performance. Other organizations involved in the effort include the
American Iron and Steel Institute (AISI), the concrete industry, the Masonry Alliance for Codes
and Standards, and the American Forest and Paper Association (AFPA). The analytical
framework is shown in Fig. 3. The material properties, thermal response and structural response
of concrete, masonry and steel are each handled in their own section of the standard. A role will
exist for simple calculations, advanced computations and experiments, all working together to
determine the performance of individual structural elements, structural assemblies, and the
global response of the building.

The fire exposure will be based upon heat flux (including radiative and convective contributions)
as a function of time as well as temperature vs. time. Pool fires, distributed fires, and external
fire exposures will be included. The thermal response of the structural elements can be followed
using multi-dimensional finite element analysis with the boundary conditions provided by the
(experimental and/or numerical) fire exposure. Although some material properties have been
tabulated, many more, especially at higher temperature, have to be compiled. The structural
response will be determined by a combination of first-order, single element analyseis (column
stability, moment analysis of a slab/beam, isothermal over a range of temperatures). Computer
simulations are needed to account for temperature distributions in space, variable cross-section
members, complex loading, and frame analyses. Additional experimental programs are required
to develop a complete material properties data base, to better characterize complex material
behavior (cracking, adherence, charring and spalling), to calibrate models, and to examine
interactions between component building assemblies and adjacent building assemblies within the
larger structural frame.
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Figure 4. Full-scale steel structure built in Cardington
Laboratory (left), and during a test fire (Usmani)

FIRE TESTING AND SIMULATION

H. Baum

The research needs from a fire modeler's perspective were stated succinctly by Baum. The first
need is associated with defining the building. While conceptually straightforward, the large
amount of data available to describe a modern building and the differing ways that these data are
used for design, operations, and maintenance overwhelms the individual interested in predicting
fire resistance performance, leading to great inefficiencies in the calculations and limiting their
value. An efficient way to generate an electronic database that can be accessed seamlessly for
multiple purposes is critical. The detail has to be sufficient to capture the location and operations
of the HVAC systems, elevators and stairways. The second need is to develop a better
understanding of the burning behavior of the contents of modern buildings, including complex
shaped objects (e.g., real furniture), libraries and paper files. Being able to predict the
occurrence of fire-induced geometry changes is the third primary need, specifically windows
breaking and the warping/penetration of partitions (walls and floors).

A. Sarofim and P. Smith

An overview of the Center for the Simulation of Accidental Fires and Explosions (C-SAFE)
located at the University of Utah was given by Sarofim and Smith (Appendix III. E). C-SAFE is
allied with the Accelerated Strategic Computing Initiative (ASCI) to develop (unclassified)
simulation science in support of the DOE defense program laboratories to safeguard the U.S.
nuclear stockpile. C-SAFE is focused on the science-based tools for numerical simulation of
accidental fires and explosions, within the context of handling and storing highly flammable
material. The accident scenario to be simulated is a conventional high explosive material in a
metal container of arbitrary shape, size and location within an arbitrary, sooting hydrocarbon
pool fire. Following an assumed ignition of the liquid fuel, the calculations are made of the fire
spread, the dynamics of the container, high energy transformations, and conditions that lead to




accidental detonation. An example was provided of a calculation of a 10 m diameter heptane
pool fire in a (50 m)’ domain. With 3.4 million computational cells and 6800 time steps, the
calculation took 18 h to complete on the Los Alamos Nirvana computer (500 processors). The
challenge for the Center is to make optimum use of the increasing number of processors to allow
finer spatial resolution. Problem areas for the integrated calculation exist at the interfaces
between the various phases, communication among the multiple scientific disciplines involved
and with the ultimate user, and all aspects of data management (transfer, storage, mining).
Lessons from Sarofim and Smith that may bear on predicting the fire resistance of structures
include the encouragement to consider interdisciplinary approaches on cross-cutting issues, in
particular a close collaboration with software engineers and computer scientists. "Amphibians"
are needed to bridge disciplinary gaps, and the importance of communication cannot be
overstated. The C-SAFE program has advanced the state of computational chemistry to predict
properties, mechanisms and kinetics, and more detailed chemistry and fluid mechanics can be
included in massively parallel computations. The material point methods show promise for
handling large deformations and the break up of structures. Sarofim and Smith concluded by
emphasizing the importance of experiments for guiding and validating the computations.

A. Usmani

An eight story steel structure, shown in Figure 4, was built in Cardington, England in the mid
1990s [10] to examine the behavior of individual elements and the structural frame when
exposed to various fire environments. The impetus for the full-scale testing was to demonstrate
that the requirements for structural design fire safety were overly conservative. The Cardington
tests have improved our understanding of structural behavior in fire, produced data for validating
computer models. The new understanding of composite framed structure behavior in fire, so
generated, may lead eventually to more rational design methods, and could reduce the cost of
steel fire protection.

Usmani (Appendix III. G) described the challenge of numerically modeling the response of the

Cardington structure to different fire loads. ABAQUS [11, 12] was used to examine a large

number of structural arrangements and the details of modeling and subsequent interpretations of

behavior are too voluminous to present here. However, interested readers can find many reports

and other documentation containing substantial details of this work at
http://www.civ.ed.ac.uk/research/fire/project/main.html.

Very briefly, this work revealed the following lessons for whole structure behavior in fire:

e restraint to thermal strain dominates behavior of the composite beam and slab system

e conventional loading contribution to overall behavior is low

o the results show low sensitivity to variations in strength and stiffness properties of steel

o at large deflections tensile membrane action in the spans and compressive membrane
action near the perimeter supports of floor slabs were observed

e thermal strains automatically produce a beneficial load-carrying shape in tensile
membrane action for slabs without large and damaging mechanical strains

o the load capacity can be further enhanced by thermal pre-stressing

e local buckling of the lower flange always occurred but was not found to be a detrimental
mechanism



A simple analysis will reveal that in a member restrained from lateral translation, as the mean
temperature increases, compression occurs, but as the through-depth temperature gradient
increases, tension occurs. The former scenario is most likely in a slow growing, protracted fire,
while the latter results from a rapidly growing, short duration fire. Frames smaller than the
Cardington structure may have fewer redundant paths, and the fires could extend over the entire
floor. By the same token, large compartments that may be a part of a very large frame may
behave quite differently because of the nature of the fire (spreading with local flashover perhaps)
leading to significantly different structural response. To enable reliable tensile membrane
mechanisms, it is necessary that the floor slab reinforcement is anchored at the compartment
perimeter, with interior continuity provided by lapping reinforcement. Edge and corner
compartments have discontinuous edges that may or may not have fire protection. Unprotected
edges will provide considerably lower anchorage to tensile membrane forces, therefore
protecting edge beams seems worthwhile as a means to anchor membrane forces and to protect
cladding. Further 3-D modeling using DIANA was conducted to examine the impact of these
variables on the structure and the results produced similar conclusions.

The key conclusions from this work are that the structural response to a fire depends upon the
rate of heating as well as the temperature of the structure, and that different fires can produce
very different stress/strain patterns in composite floor systems. This is because most of the pre-
failure response of structural members depends upon the two geometric effects produced by
heating, a mean temperature increase and a mean thermal gradient. The material effects of
reduction in strength and stiffness begin to dominate just before failure.

Further research was suggested by Usmani to establish the worst case fire scenario on the basis
of the maximum structural damage it would inflict on the building (in addition to other life safety
issues such as smoke movement and egress, the worst case scenario(s) for these may be quite
different). This would require new scientifically based and practical analysis methods for reliable
prediction of structural damage against a given heating regime. Research is also required to
properly include (in a risk-based framework), extreme fire events as limit states, (which should
be the basis of all structural designs). Tall buildings with long evacuation times require special
consideration to ensure that localized collapse does not lead to overall progressive collapse.
Other questions that need further research are: Are floor slab failures ductile or brittle? Can one
generalize that a short and hot fire places a more severe load on the structure than a sustained,
less intense fire (or vice versa)? How important is it to model connections, the cooling process,
and the integrity of non-load bearing compartment boundaries? A final provocative question
posed (but not answered) by Usmani is, How does one define failure?

In terms of the fundamental structural and solid mechanics research required in the context of
understanding structural response to extreme events, perhaps the most important research need is
as follows. Most failures in large redundant structures have roots in local “seed” events (such as
a crack or fracture) that grow without being arrested and cause progressive global collapse.
Many local events in a large redundant structure will occur as load redistribution mechanisms
and will be self-limiting under the overall equilibrium and compatibility constraints. A thorough
understanding of the development of local structural phenomena into events that threaten global
structural stability/integrity should be one of the main research objectives.



V. Kodur

The positive attributes of high strength concrete for buildings and columns make it an attractive
material, but its high density and low porosity make it susceptible to spalling under fire
conditions. Since an intended benefit of concrete is the elimination of additional fire protection,
methods are required to ensure the fire safety of high strength concrete. However, there are
currently no guidelines for the exposure of high strength concrete to fire. Test methods for
evaluating the fire resistance of large-scale structural systems were described by Kodur
(Appendix III. H), and used to highlight the differences in performance between high and normal
strength concrete.

Columns of both types of concrete were examined, with size, load intensity, fiber reinforcement,
fire intensity, and reinforcement configuration the independent variables. The specimens were
full-scale and designed according to code, and tested according to the protocol in ASTM E119
(see Figure 5). Column temperatures, deflections and degree of spalling were the dependent
variables. The primary observations during the tests were that spalling was not significant in the
first 30 minutes, and that using 135° (as opposed to 90°) column-ties reduces early spalling to a
minimum. Within 2 h, hair line cracks appear, widen at corners, and lead to chunks of concrete
dropping off for the 90° reinforcing bar ties. Failure occurs when the ties open up and the rebar
buckles. The 135° ties remain superior all the way through the test. The normal strength
concrete, for comparison, failed only locally, the ties did not open up nor rebar buckle, and less
spalling occurred.

Figure 5. Comparison between normal strength concrete (left) and high strength concrete (right)
after ASTM E119 column test.
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Figure 6. Photograph of modern floor testing furnace (Kodur)

Kodur summarized the factors that influence fire performance of concrete: compressive
strength, reinforcement layout, moisture content, concrete density, heating rate, aggregate type,
load intensity and type, and fiber reinforcement. The major factors that enhance spalling and
decrease fire resistance are higher concrete strength and higher loads; factors that reduce spalling
and increase fire resistance are closer tie spacing, 135° ties, use of carbon aggregate, and use of
reinforcing fibers. The experimental work conducted at CNRC was complimented by numerical
studies of the factors influencing behavior, using thermal and mechanical properties measured at
elevated temperatures, to develop design equations for fire resistant structures.

For the future, Kodur emphasized the need for realistic conditions when assessing fire resistance,
the need for analytical tools and specified fire scenarios, with validated models, design fires and
material properties. To be ready for performance-based codes, the industry must have suitable
calculation methods, software packages and design guides. High performing materials must
satisfy fire resistance criteria, and practical and cost-effective solutions to overcome current
shortcomings are necessary.

U. Wickstrom

The need for improved fire testing in combination with calculations was the theme stressed by
Wickstrom (Appendix III. I). When analyzing the performance of structures exposed to fires,

11



one needs to consider the fire development (design fire), heat transfer to fire exposed structures,
temperature development in the structures, and the resulting mechanical behavior of the
structures. To improve fire resistance design, standard methods for measuring thermal and
mechanical properties of structural and protective materials must be developed. Techniques for
improving furnace testing and for monitoring deformation properties during the test are also
required. Two specific techniques put forth by Wickstrom are the transient plane source, heat
transmission, thermal diffusivity (TPS) apparatus and the plate thermometer. The former
consists of a thin heater that is sandwiched between flat sections of the fire protection material
under investigation. By following the temperature as a function of heat input, position, and time,
key thermal properties can be generated. The plate thermometer can be used to monitor and
control the temperature in the furnace (e.g., ISO 834 or ASTM E119). The benefit of the plate
thermometer is that it allows one to calculate the true structural temperature in close agreement
with the measured structural temperature (see Figure 7), in contrast to the standard shielded
thermocouple. While no techniques were proposed for measuring deflection during the test,
Wickstrom emphasized that such data are essential to relate calculated behavior to actual
expected behavior.

Plate Thermometer Measurements
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Figure 7. Temperature measurements in floor assembly furnace test, comparing the plate
thermometer to the calculated temperature.
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FIRE RESISTANT MATERIALS

R.B. Williamson

Williamson (Appendix III. K) briefed the participants on the history of fire protection of
structural steel and the materials used for that purpose. Dating back to the 1898 Home Life Fire
in New York City, a new approach to high rise safety began emerging that required buildings to
be constructed of columns, floors, walls and other elements that were fire resistive, defined as the
ability of an element to withstand the effects of fire for a specified period of time without loss of
its fire separating or load bearing function. This ability was determined by exposure in a furnace
to sustained high temperatures. Various temperature-time curves are used today, depending
upon the country and application. Figure 8 compares the ISO 834 test, the hydrocarbon fire
(ASTM E1529), and external fire exposures to the standard ASTM E119 curve (also shown in
Figure 1). A column instrumented for a test is shown on the right.

The first materials used for fire proofing in the early 20th century were traditional construction
materials such as masonry or concrete, which led to substantial labor costs and excessive
weights. Gypsum-based systems such as wire lath and plaster systems came on the market there-
after, but these also suffered labor and weight penalties. Like concrete, these systems derived
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Figure 9. Construction worker
. applying spray resistive material

much of their effectiveness from water of crystallization, which is immune from normal
evaporation. Sprayed fire resistive materials (SFRM) were introduced about 40 years ago as a
lower labor cost, lighter weight alternative to concrete and lath/plaster. The SFRM also derived
its fire resistive properties from water of hydration contained in the gypsum or portland cement
used to bind various fibers and other fillers. A worker is shown applying SFRM at a recent
construction site in Figure 9.

Williamson [13] specified four performance requirements of SFRM: performance under actual
fire conditions; durability and integrity under normal life of structure; durability and integrity
under the construction process; and integrity under extreme conditions (earthquakes, thermo-
nuclear attack, severe fire). A number of ASTM tests currently are used (in addition to E119 for
fire resistance) to address these requirements:

ASTM E605 [14], Thickness and Density

ASTM E736 [6], Test for Cohesive/Adhesive Properties of SFRM
ASTM E759 [15], Effect of Deflection

ASTM E760 [16], Effect of Impact on Bonding

ASTM E761 [17], Compressive Strength

ASTM E937 [18], Corrosion of Steel by SFRM

A fundamental weakness of all of these tests is that they are not well linked to materials science.
According to Williamson (Appendix III. K), there are many different SFRM materials
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commercially available today, but the current test methods do not adequately address the most
important properties or the range of conditions from ordinary fires to the extremes of a terrorist
attack.

The current method for testing the cohesive/adhesive properties of SFRM (ASTM E736) consists
of a disk with a hook for hanging a weight that is attached to the sprayed on fire resistive
material with a quick setting adhesive. The material must withstand a minimum weight before
becoming dislodged. The weakness of this method is that while failure from poor adhesion can
be distinguished from failure due to poor cohesion, the method is incapable of providing failure
loads for each, just whichever fails first. Williams [19] suggests an alternative approach to
evaluate the adhesive properties separately, using what is called a blister test. Williamson
(Appendix III. K) suggests adapting this technique to SFRM. A thin plastic bag with a bladder
feed hose can be attached to the rigid steel substrate before applying the fire resistant material.
The feed hose would extend beyond the fire resistive material layer. A measured pressure could
be applied to the feed hose to cause the bag to inflate, and a blister would grow at the interface of
the steel and SFRM to a size related to the interfacial properties.

Williamson concluded his remarks by recommending that the fire and non-fire performance of
fire resistive materials be reevaluated in terms of current challenges to buildings and other
structures. A new approach to testing and approvals is necessary, supported by sound research to
characterize the available materials and to establish the micro-structure/property relationships
that are central to materials science.

F. Mowrer
Mowrer (Appendix III. J) listed a series of steps that typically might occur when a building is
fireproofed.

Credit: Roger Morse

Figure 10. Missing spray-on fire proofing around a
connection (left ) and missing fireproofing panels on a steel column (Mowrer).
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These include the following:

e structure erected

e fireproofing applied

e fireproofing inspected (maybe)

e fireproofing scraped off

e other building services installed
e cverything covered with finishes
e fireproofing forgotten

Conditions that are troublesome include connections, attachments, members with extreme W/D
ratios, long spans, and end restraints. Since connections are not evaluated in tests, what is the
best way to protect them against fire? How much fireproofing do attachments require, and is it a
function of the thickness and/or length of the element? Fireproofing thickness requirements are
based upon standard geometries; how do those relate to round members and other non-planar
arrangements? Four meters is about the maximum span tested; how are the fireproofing
requirements extrapolated to spans that are considerably longer? Furnace test articles are often
wedged into the frame; how does this arrangement relate to real-world constraint conditions?
How can deficiencies in fire proofing be identified during inspections, and how can they be
corrected? If fire proofing is damaged or missing, how does that impact the overall performance
of the structure? (See Figure 10.) These are all issues that require research solutions.

R. Iding
Iding (Appendix III. L) presented several case studies of performance-based structural analysis

to determine fireproofing requirements [20]. There are three key elements in the approach:

e Fire Hazard Analysis - identify all possible fire scenarios and determine gas temperatures
achieved adjacent to structural members.

e Thermal and Structural Analysis - calculate temperature history in structural elements and the
elements' response (forces and stresses) to the fire with varying levels of fireproofing.

e Risk Mitigation Plan - revise fireproofing scheme, or devise alternative risk reduction
schemes, to ensure performance is acceptable for type of building being designed.

A step-by-step methodology was described, with examples given for a transient trash fire in a
power plant and fireproofing for an unusual structure for which no prescriptive code applied: the
Eiffel Tower II in Las Vegas.

The following specific recommendations were provided by Iding:

¢ identify material properties at elevated temperatures, particularly those of spray-on fire
proofing and intumescent paint
e develop analytical tools for structural connections

e develop peer review protocol for performance-based analysis during transition to new
methodology

e incorporate basic capabilities for fire analysis into commercial computer codes that can
handle non-linear structural effects
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e expose engineering students and practitioners to basics of structural fire analysis and
computational tools, and sponsor workshops for non-specialists

e codify methods to calculate fire curves for most common scenarios to assist design engineers
for routine applications

e cxamine fire safety of building as a whole and develop practical methods to avoid
progressive collapse that could be incorporated into performance-based building codes

A. Astaneh

Astaneh (Appendix III. M) discussed the protection of steel structures against impact, explosion
and ensuing fire. An impact is a force applied on a building over a short time interval, and
depending upon the geometry and velocity of the impacting object or pressure wave, dynamic
forces are generated throughout the building which can cause serious damage at the local and
global level to the structure and fire protection systems. The main route to life safety is by
preventing collapse of the building directly following the initial impact and after any ensuing
fire. The use of catenary action provided by a floor was presented as a possible technology to
mitigate collapse. Cables imbedded in a floor specimen were shown to be able to significantly
retard the onset of failure. The gross physical behavior was mimicked in a finite element
analysis.

The challenge posed by Astaneh was for realistic modeling of the behavior of steel and
composite structures exposed to sustained fires. Data are needed on the fire resistance of light
weight and high strength concrete and on steel connections. More realistic models of local and
overall buckling of steel and composite structures (including composite shear walls) at elevated
temperatures are needed. Composite shear walls with a gap between the wall and frame could be
used, for example, to protect egress routes. Research is also needed to better predict the
performance of various structural systems, especially at elevated temperatures.

STRUCTURAL PERFORMANCE

J-M. Franssen

The frontiers of structural fire modeling were explored by Franssen (Appendix III. N). The
temperature in the structure and mechanical behavior are simulated with SAFIR [21], a non-
linear, transient finite element model that determines the structure temperature as a function of
three directions and the gas temperature, and determines the 3-dimensional displacements as a
function of the structural temperature and loads. Limitations on computational resources
constrain the capabilities of the mechanical model when 3-dimensional temperature field
calculations such as those in Figure 11 are made. Beam finite element calculations provide a
link between the thermal and mechanical analysis of the structural frame. Shell finite element
calculations work well on thin elements and can successfully predict severe deformations, as
shown in Figure 12.

The limits of structural fire modeling are associated with eight factors. (1) The first factor is the
lack of thermal properties of structural materials (the thermal conductivity of concrete, for
example, is presently under discussion in Europe, as well as the impact of radiative heat transfer
to H-steel sections, the so called shadow effect that reduces the radiation to the inner surface of a
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wide flange section). (2) The second factor is the interaction between the gas and the structure in
the case of localized fires, which is a problem for both CFD and zone models of the fire. (3)
Spalling in concrete is a third factor that limits structural fire models. (4) The beam finite
element models are based upon the Bernoulli hypothesis (that parallel planes remain parallel
during deformation), which is a fourth factor limiting modeling in situations with significant
rotation, local buckling, shear failure or debonding of reinforcing bars or prestressing tendons.
(5) A non-physical local and/or temporary negative stiffness can arise in some situations, which
causes the calculation to terminate. (6) Boundary conditions in the substructures are difficult to
specify. Which may be more appropriate, fixed or free conditions? (7) A seventh limitation is
the definition of failure. How much deformation qualifies as a failure of the element?
(Suggested criteria are given by Ryan and Robertson [22].) (8) Finally, structural fire models are
limited to structures that do not exceed a certain size because computational resources are finite.

Franssen (Appendix III. N) concludes that

"for understanding and designing structures submitted to fire, numerical modelling offers
capabilities that are unique. The frontiers at the moment are

e Spalling in concrete

e Thermal properties

e Local or temporary failures

e Very large structures

e Very large displacements

¢ Boundary conditions

e Interface with environment in localised fires

e Resources (money, time, people, ... )"

J. Ricles

The response of structures to earthquakes and extreme fires was reviewed by Ricles (Appendix
III. O). Analysis and experimental testing are essential tools for predicting the fate of a building
during an earthquake. Material modeling must deal with cyclic plasticity, cyclic degradation of
material stiffness and strength, and fracture, all non-linear phenomena. Geometric non-
linearities accompany local buckling and global instabilities (P-A).

Experimental testing is required to develop a database on real performance, to demonstrate proof
of concept, and to calibrate analytical models. Shake table testing is precisely controlled and
provides data in real time; however the specimen sized is quite limited. Reaction wall testing
(pseudo-static or pseudo dynamic) allows one to test full-scale specimens, although the building
system's response to the loads are not real time (compared to earthquake time scales). Full-scale
component tests can also be conducted in multi-dimensional reaction wall facilities, although
choosing the most appropriate boundary conditions, and controlling them requires careful
attention. Time response remains an issue.

Finite element analysis can be applied to building details such as welded connections to examine
the impact of cyclic load in the local region around the joints. Non-linear analysis of the
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structural system over time can also be performed, with the details of the connections such as
panel zone deformations and connector flexibility (i.e., semi-rigid connections) considered.

Elevated temperatures effect the yield strength, the ultimate stress, the modulus of elasticity, and
the coefficient of thermal expansion of all structural materials, leading to a dramatic decrease in
structural performance of steel above 600 °C. Member restraints change, large displacements
can occur, and loads shifted to other parts of the structure. Beam twisting and local buckling,
column local buckling, and connection failure are all observed.

Ricles (Appendix III. O) lists the following research issues and needs:
Testing
e determining the effects of structural redundancy, restraint, connections, and non-load
bearing elements during structural component vs. structural system testing
e determining how to maintain the proper thermal environment
e developing heat resistant structural response sensors
e cstablishing proper testing protocol
e constructing and maintaining adequate facilities for fire testing
Analysis
e calibration of models with test data
e structural component vs. structural system modeling, with concern for the effects of
structural redundancy, restraint, connections, and non-load bearing elements
e thermal input
e time scale
e non-linearities
— change in material properties due to thermal input and loading
— geometric non-linearities (large displacements, local buckling, load shifting)
— connection modeling (stiffness and strength deterioration, fracture)

Ricles concludes that success has been achieved in predicting the performance of structures to
extreme earthquakes using sophisticated analytical models and experimental testing. Predicting
the fire resistance and performance of structures is challenged by the physical complexities of
structural fires, the level of sophistication needed for analytical models, and the compounding
difficulty of experimental testing to calibrate these models.

G. Deierlein

Parallels were drawn by Deierlein (Appendix III. P) between performance-based engineering for
fire and for earthquake hazards. Citing the ICC 2000 Performance Code [23], the objective of
the design is "to limit the impact of a fire event in the building, its occupants, processes and use;
and to limit the impact of an exposing fire on buildings, adjacent properties and processes." A
level IV performance group (see Fig. 13) includes vital facilities that can sustain only moderate
damage even under the rarest of disasters (earthquake or fire), while a low performing (level I),
expendable structure can tolerate design criteria that lead to severe damage for a rare event, and
moderate damage for frequent small events.

The qualitative description from the matrix can be made more explicit by relating the damage
assessment to replacement cost and/or casualty rate, as shown in Figure 14 based upon the work
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PERFORMANCE GROUPS
II III v
Very Large SEVERE SEVERE MODERATE
(Very Rare)
Large SEVERE MODERATE MILD
(Rare)
Medium MODERATE MILD MILD
(Less Frequent)
Small MODERATE MILD MILD MILD
(Frequent)
Figure 13. ICC 2000 performance matrix [23].
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Figure 14. Explicit performance assessment in terms of earthquake intensity [24].
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by Holmes [24]. As presented by Deierlein, the key attributes of performance based approaches
are that they are more scientific and transparent, they address stakeholder decision needs at
multiple levels, and they provide for a consistent treatment of risk and uncertainties. The
methodology has four serial components: input damage intensity measures (e.g., earthquake
duration and strength), engineering demand parameters (e.g., drift and acceleration felt by
building), resulting damage measures (e.g., condition assessment and necessary repairs), and
decision variables (e.g., fatalities and injuries, dollars lost, downtime). By examining each of the
components in detail, a probabilistic description of a decision variable can be developed.

A parallel methodology was suggested to guide decisions involving fire safety design. Intensity
measures could include fire load and compartment temperatures. Engineering demand
parameters might be related to peak structural temperatures and deflections. The damage
measures and decision variables would be similar to those used in the performance based
earthquake engineering methodology, with the additional special considerations of the fire
services. Questions that need to be answered in developing this methodology include the
following:

e For whom is the methodology intended: the fire protection engineer, the structural engineer
or the mechanical engineer?

e How does one describe the fire scenario, and how many scenarios need to be examined?

e How faithfully must the global analysis be able to predict local degradation of members,
connections and composite action?

e Is there a different tolerance of risk for fires vis a vis earthquakes?

e What is the minimum level of protection required, and how does one quantify higher
performance levels?

Deierlein summarized the issues and needs for improved fire resistance performance prediction o
include a comprehensive methodology that is consistent with other hazards and evolving code
provisions; a probabilistic fire hazard assessment; codification of acceptance criteria such as
explicit numbers of causalities or dollars lost, component strength checks, and survival duration;
structural simulation tools; and validation through laboratory tests and field reconnaissance.

B. Lane

Lane (Appendix III. Q) presented her list of items needed most for a numerical model of
structural response to fire conditions, from the perspective of a consultant. She suggested that
there were widespread concerns about the standard fire resistance test (temperature/time
relationship is not the same as in real fires; structural response and fire protection materials
response are important; how to deal with the huge body of existing data; how to relate standard
fire test data to numerical structural fire models; the need for a new test). She felt that all could
agree that mechanical response is not properly addressed in the current test (single elements
tested and single elements analyzed; real frame behavior ignored, including effects of restrained
thermal expansion, load transfer through connections to cooler elements, slab actions that
sometimes may increase overall strength of composite frame).
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Current finite element models are just beginning to capture the complexities of structural fire
response. The principles for advanced calculation models are laid out in the Eurocode 3, Part
1.2, Structural Fire Design [25], and in CIB W014 [26], Rational Fire Safety Engineering
Approach to Fire Resistance in Buildings. There is also the ASCE/SFPE effort to guide fire
model applications, and work sponsored by AISC. The information that needs to come from
these studies should lead to a reference document for consultants and authorities having
jurisdiction, stating design objectives and means for achieving acceptable results.

Clear guidance is required on the design-basis fires. Do we create a new standard fire resistance
test, use temperature-time relationships from real fire data, or calculate the real fire environment
from the known fuel load, ventilation, and boundary properties?

Once the design-basis fires are established, the heat transfer to the structural elements can be
calculated, which leads to a time varying temperature field in each element. How well have
existing heat transfer models been assessed, and are they sufficient for current construction
materials and fire proofing? What level of detail is required regarding the temperature field?

The structure responds to the high temperature in a fire with a combination of effects: loss in
strength and stiffness of the structural elements, compression forces in the elements produced by
restraint to thermal expansion, greater deflections resulting from higher restraint, and curvature
in the elements imposed by through-depth thermal gradients. The combination of these can
produce a range of deflections and internal force patterns. Non-linear analysis is required to
handle these complexities. A means to translate the results of the complex models into simple
tables for mainstream design is needed, as is a way to use these models to incorporate new
understanding into building codes. An intensive effort over the last decade in Europe is
beginning to bear fruit. It is essential to build on this work rather than to start again, and to
reformat the input and output to be useful in a design office.

Some specific models currently in use were mentioned by Lane. VULCAN [27], an implicit
scheme developed by the University of Sheffield, applies to steel-framed buildings only, and was
used to interpret the results of the Cardington full-scale tests. Geometric and material
nonlinearities are included, and plate elements are used to simulate floor slabs. Beam-column
elements are used to simulate beams and columns, and spring elements simulate the steel-to-steel
connections. The heat transfer analysis is not a part of VULCAN. The University of Edinburgh
used ABAQUS [10, 28], a non-linear model specifically for composite steel-framed buildings, to
compare with the results of the Cardington fire tests. A stress resultant approach is used to
describe the behavior of the shell elements simulating the floor slabs. Shear connectors are
incorporated with rigid elements and pins joins approximate steel-t-steel connections.
Reinforcements within the slab are included using a smeared model. ABAQUS includes heat
transfer, assuming uniform temperature across elements but not necessarily along elements.

Both an implicit and explicit version exist. Other models that should be examined are explicit
such as LS-DYNA [29]. These models may be able to anticipate collapse because the can cope
with highly non-linear situations. A thermal analysis may be conducted in parallel with the
mechanical analysis. More computing time and power are obviously associated with these
capabilities.
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Lane's wish list consists of the following:

e come to agreement on the concerns, issues and inaccuracies

e develop a reference document laying out acceptable principles required for AHJs and
consultants

e cstablish the criteria for choosing a design fire, and the data, model, and input for codes

e cstablish heat transfer analysis capabilities

e compare and contrast existing 3D finite element models

o further develop these models to address complex behaviors associated with structural
response to fire (beyond Cardington)

e develop usable commercial analysis tools

e develop the means to translate results into building codes and simple design methods

SUMMARY

Following the expert presentations described above, the participants broke into three parallel
teams to discuss research issues and raise additional ones as they saw appropriate. Each team
came up with their own list of priorities and shared them with the whole group on the second
day. Their presentations are include in Appendices III. R. through III. T and summarized in the
following paragraphs.

Lack of communication among disciplines was expressed by the first team as a hindrance to the
introduction of new methods and technologies to structural fire safety. The proper education of
young engineers and building designers would eventually overcome this hindrance, but it was
felt to be critical to get the right information on structural fire performance to the structural
engineering community and the authorities having jurisdiction in a more expeditious fashion.
Establishing a full-time position at NIST dedicated to this problem, making use of steering
committees to better define project goals and objectives, and development teams with fire
modelers, structural engineers, computer scientists, and materials scientist were recommended as
ways to increase communications across disciplines. The need to publish and to disseminate
new research results across disciplines was also highlighted.

Construction materials were a second focus of recommendations. What is our current state of
knowledge? Where gaps exist, we need to acquire basic thermal and physical properties using
well thought out principles and accepted test methods, including under conditions likely to exist
within a fire. The effects of material variability on installed performance need also be assessed.
New information is required to characterize durability and reliability of fireproofing materials
during normal operation and in the event of a fire, and the implication of these properties on
inspection and maintenance protocols. Is there a role for new sensing methods?

There is a general lack of understanding of the science underlying existing test methods and the
proper use of data derived therefrom. In fact, many current test methods are not well suited to
collecting useful data; at the same time, the vast amount of test data that has been accumulated
cannot be ignored. New fire test methods may be needed to address data gaps and to allow
proper interpretation of the ratings generated from flawed or incomplete existing test methods.
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Although the tools used most often in design have an over reliance on empirical data and a
general lack of scientific basis, a review and summary of the current generation of predictive
methods would be useful. A recognized procedure for specifying the design fire is required.
Integration of the gas phase fire models with structural response models is the key to progress,
and we should borrow freely from computational methods generated outside the fire community
as appropriate. Extending capabilities of current CFD models to better address flashover
conditions is also required. All improved predictive capabilities will require full scale, fully
instrumented validation tests with interaction between modellers and experimentalists. As a first
step, a prototype simulation methodology could be developed joining a selected specific choice
of existing software for fire simulation, thermal/mechanical properties, and structural response.
Eventually, one would need a practical predictive tool for progressive collapse in fire, as well.
The practical difficulty of blending structural numerical codes that are primarily commercial
with fire numerical codes that are primarily public will need to be addressed as well

The second team listed validated engineering tools, a design framework for new construction,
design for retrofitting existing construction, integration of structural and fire performance-based
design, and education of engineers, designers and AHJs as the desired end products of a
coordinated research effort. Tools for modeling fire growth include space independent models, a
simplified approach that includes space/opening effects, and CFD models. The latter can not be
used for direct routine design but can be used to develop design tools and for special design
issues. A need-based approach must be established for fire growth models. The objective and
amount of uncertainty that is acceptable helps define the need, which points out the utility of a
standardized process for uncertainty quantification and analysis techniques.

Insulating and fire proofing materials dictate the amount of heat that will enter the structural
elements. One needs to measure the thermal properties of insulating materials as a function of
temperature, the adhesion/cohesion properties, and the tendency toward destructive
decomposition due to abrasion and thermal degradation. Understanding the role of geometry (of
the insulation and underlying structure) on durability is critical as well. The thermal/mechanical
properties of structural materials as a function of temperature are a basic need. These include all
properties of special steels (light gage steel, high strength/performance steels, welds, bolts, rebar,
pre-stressing), high strength concrete, normal strength concrete , FRPs, aluminum, timber, and
glazing.

Validation is needed of existing structural response tools for assemblies (including connections)
and systems under fire conditions (including soot and other fire phenomena effects). Structural
response engineering sub-models for specific fire phenomena and fire barrier models need to be
developed. Structural response models need incorporation of high strength concrete behavior in
analysis and design, and guidance on how to apply the “fire load” as a load combination to the
entire structure. What are the design limit states (i.e., objectives of design)?

Performance criteria for insulating materials need to be developed for in-service use, including

impact, maintenance and inspection over the life of the structure. The same is required for
structural materials, products and systems.
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Improved fire measurement technologies (especially for heat flux) are required, along with
standardized test methods for material property determination and for structural components
such as connections. The possible use of existing ASTM E119 for standard fire model validation
should be evaluated.

The third group listed fire exposure, thermal response, structural response, mitigation strategies
(including the use of redundancy, prevention, and design with fire safety in mind) and improved
communications among engineers, and regulators as critical needs. Instrumentation of real fires
is needed to obtain better fuel load characterization, the impact of spatial distribution,
temperature/oxygen histories, heat flux, products of combustion, and full cycle (heating and
cooling) data. The behavior of fire proofing and non-structural elements (including glazing)
needs to be modeled, including material properties and the thermal response of slabs,
dehydration and cracking, improved high temperature performance data (modification of high
strength concrete with polymer inclusion, composites), hysteresis, and the difference in response
to "short-hot" and "long-cool" fires.

To predict structural response one needs to understand deflections and stresses, the behavior of
connections, fire proofing materials, the impact of heating and cooling cycles, and to develop an
efficient means to merge fire and structural models (zone with frame models). The models need
also to be coupled with experiments for validation and to properly design the experiments and
measurement methods. Detailed phenomenological models of chemistry, molecular dynamics,
crack development, and pyrolysis behavior will aid the development of new materials and a
better understanding of the thermal environment created by the fire.

Validation experiments and measurements are needed for basic material properties (especially
the effect of temperature), constitutive properties of slabs (concrete), single step experiments,
(ignition, fire spread), multiple step experiments (corner fires, flashover), and integrated tests
(enclosures, building fires). Proper instrumentation is required to capture spatial and temporal
aspect of fires, behavior of non-structural components (glazing), local stresses and deflection,
and heat transfer through connections. The "real world" provides opportunities for validation
through analysis of accidental fires.

Performance objectives should include the ability to relate test conditions to the real world.

A danger with testing to traditional temperature-time curves arises from the dimensionality of the
real world, which has the important implication that it determines the response; e.g., a plume
impacting on the ceiling combines convection and radiation loads on the structure; flash-over has
not been modeled, and yet the transition can significantly modify the heat transfer; and ill-
defined air availability changes the dynamics of the fire. There is a need to translate test results
into real world situations. The integrity of fire walls is a major factor. Fire test data need to be
used to validate models, but there are little data on more complex structures.

RECOMMENDATIONS
The stated objectives of the workshop were to review current practices for achieving fire

resistance; to explore the promise of fire dynamics simulations and structural behavior
predictions; to identify new fire resistance options coming from materials science; to identify
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opportunities and needs in advanced computational methods; and to identify applications and
needs for emerging measurement, instrumentation and test methods. The first objective was
clearly met as documented in this report and referenced material. A better appreciation was
achieved across the multiple disciplines represented of what can and cannot be done with the
current generation of fire dynamics and structural behavior models. No new fire resistance
options nor materials technologies were revealed, although the paucity of technical data on
current fireproofing materials and the inadequacy of test methods to evaluate their performance
were themes that emerged continuously. The need to measure additional variables during
structural fire testing and to quantify the uncertainty of parameters regularly measured were
identified as problems worthy of study. An issue not originally raised but which emerged
naturally during the discussions was the need to increase communications and education
horizontally across technical disciplines and vertically from the research community to the
regulator.

The following recommendations are the editor's synthesis of the discussions and opinions
expressed by participants of the workshop:

Communication/Education/Training

e Cross-train practicing structural engineers, architects and fire protection engineers involved
in new building construction and retrofit projects to ensure that rational fire safety is
inculcated into the profession.

¢ Modify engineering and architecture curricula to increase student exposure to cross-
disciplinary team work to enhance awareness of the other disciplines' capabilities in, and
constraints to, assuring practical fire safe designs.

e Develop innovative techniques to better educate building code officials, AHJs, and the fire
service of the capabilities and limitations of standard test methods and computational tools.

Thermal and Mechanical Properties of Materials

e Identify existing and/or develop new experimental techniques for measuring the thermal and
mechanical properties of structural materials (normal and high strength concrete, steel,
steel/concrete composite, aluminum, fiber-reinforced composite, timber) at temperatures up
to their point of failure.

e Standardize measurement methods and use them to accumulate a consistent, reliable high
temperature data base on the thermal and mechanical properties that dominate the response of
a structure to a severe fire up to the point of failure.

e Develop experimental protocols for measuring, at elevated temperature, the thermal and
mechanical properties of non-structural building materials (glazing, fire stops, intumescent
coatings, structural fireproofing) that impact structural integrity during a fire, and accumulate
a consistent, reliable high temperature data base.

Measured Behavior of Connections and Assemblies

e Develop experimental methods and protocols for measuring the thermal and mechanical
behavior of fireproofing as installed and when degraded by time, temperature, and stress.
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Develop experimental methods and protocols for measuring the response of structural
connections (including welds, bolts, rivets and adhesives) when exposed to severe fire
conditions and loads.

Develop fully instrumented experimental facilities for exposing floor and wall composite
assemblies to controlled fires under measured loads up to the point of failure.

Develop large-scale test facilities to the extent necessary to extrapolate the behavior of
connections and assemblies to the behavior of whole building frames.

Computational Models

Develop a guide for AHJs and designers detailing the range of fire and structural models that
currently exist, including limitations and constraints.

Establish a framework (or more likely a patchwork) of models to couple the fire exposure,
the heat transfer, and structural behavior.

Develop more efficient structural and CFD algorithms to expand the number of significant
physical phenomena and the range of length scales that can be practically accommodated.
Develop subgrid models to better resolve the heat transfer from the fire environment to the
structural elements, and expand fire models to include post-flashover conditions.

Develop efficient submodels for failure of structural connections and interfaces at elevated
temperatures.

Use numerical models to design experiments and standard test methods, and use results of
experiments and tests to improve computational models.

Standard Test Methods and Codes

Establish as a goal the need to predict the performance of coupled building systems to the
point of impending failure in a fire.

Determine the extent to which ratings from current standard fire resistance tests indicate the
reserve capacity of structural assemblies under moderate and severe fire conditions.

Modify standard test methods or develop new ones to demonstrate our ability to predict
reserve capacity from computational models and measured behavior of connections and
assemblies.

Identify which existing engineering tools and fire-proofing materials that have been
developed and evaluated in the past 50 years provide an opportunity to significantly upgrade
our ability to design fire resistance into buildings, and work to fast-track their acceptance into
current building codes.

Develop a strategy to effectively incorporate technological advances in structural fire
resistance into engineering tools that support performance-based design alternatives.

By acting on these recommendations, we will move towards the vision put forth at the workshop
of buildings whose designs balance competing demands for function, aesthetics, fire safety and
economy, using scientifically-based performance predictions that are so sound that the
predictions can be endorsed by all major stakeholders.
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APPENDIX 1. Workshop Agenda

RESEARCH NEEDS FOR FIRE RESISTANCE
DETERMINATION & PERFORMANCE PREDICTION

National Institute of Standards and Technology
Gaithersburg, Maryland, USA
Building 101, Lecture Room B

February 19 and 20, 2002

WORKSHOP AGENDA
Tuesday
8:45  Introductory Session (Chair: William Grosshandler, Chief, Fire Research Division, NIST)

9:20

10:00

10:20

12:20

Welcome to NIST, Jack Snell, Director, Building and Fire Research Laboratory
NIST Response to Sept. 11, Shyam Sunder, Chief, Structures Division, NIST
Goals of Workshop, William Grosshandler

Session I (Chair: William Grosshandler)

Overview of Designing Buildings for Fire Resistance, Craig Beyler and Philip DiNenno,
Hughes Associates, Baltimore, USA

ASCE/SFPE Standard on Performance-based Structural Fire Protection Analyses, James Milke,
Department of Fire Protection Engineering, University of Maryland, USA

Break
Session II (Chair: William Pitts, Fire Research Division, NIST)

Simulation of Accidental Fires and Explosion, Adel Sarofim and Philip Smith, Department of
Chemical Engineering, University of Utah, USA

Research Needs for Building Fire Models, Howard Baum, Fire Research Division, NIST, USA
Simulation of the Cardington Fire Tests, Asif Usmani, University of Edinburgh, UK

Fire Resistance Evaluation of Large-scale Structural Systems, Venkatesh Kodur, Institute for
Research in Construction, NRC-CANADA

Improved Fire Testing in Combination with Calculation, UIf Wickstrom, SP Fire Technology,
Boras, SWEDEN

Discussion and short presentations from participants on fire modeling

Lunch, NIST cafeteria
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1:15

3:20

Session III (Chair: Edward Garboczi, Building Materials Division, NIST)

Degradation in Performance of Installed Fire Resistance Materials, Frederick Mowrer,
Department of Fire Protection Engineering, University of Maryland, USA

Performance-Based Analytical Prediction of Fireproofing Requirements in Complex Buildings,
Robert H. Iding, Wiss, Janney, Elstner Associates, San Francisco, USA

Materials for the Fire Protection of Structural Steel, Brady Williamson, Department of Civil
and Environmental Engineering, University of California, Berkeley, USA

Protection of Steel Structures Against Blast, Impact and Ensuing Fires, Abolhassan Astaneh,
Department of Civil and Environmental Engineering, University of California, Berkeley, USA

Discussion and short presentations from participants on fire resistant materials
Session IV (Chair: John Gross, Structures Division, NIST)

Structural Fire Modeling: Where is the Frontier Nowadays? Jean-Marc Franssen, Institute de
Mécanique et Génie Civil, University of Liege, BELGIUM

Fire Resistance and Performance Prediction: Structural Analysis Issues and Research Needs,
James Ricles, Department of Civil and Environmental Engineering, Lehigh University, USA

Parallels Between Performance-Based Engineering for Fire and Earthquake Hazards, Greg
Deierlein, Department of Civil and Environmental Engineering, Stanford University, USA

A Consultant's Wish List for a Numerical Model of Structural Response to Fire Conditions,
Barbara Lane, Arup Fire, London, UK

Discussion and short presentations from participants on structural modeling

5:00  Break-out sessions to identify research needs (W. Pitts [LR-B], J. Gross [B111], and
, facilitators)
6:30  Dinner and informal discussion at local restaurant
Wednesday
8:30  Reconvene breakout sessions (W. Pitts [LR-D], J. Gross [B111], and )
10:45 Summary of breakout session discussions (spokespersons from parallel sessions), LR-D
12:15 Lunch, NIST cafeteria
1:15  Open discussion, LR-D (Chair: W. Grosshandler)

4:00

Workshop Recommendations and Assignments

Adjourn
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Name Organization CONTACT Information
Ronald Alpert FM Global Research ronald.alpert@fmglobal.com
P.O. Box 9102 tel. 781-255-4920
Norwood, MA 02062 FAX 781-255-4024
Farshad Alamdari Fire Research & Risk Sciences (FRS) alamdarif@bre.co.uk

BRE, Garston, Watford, WD25 9XX, UK

T +44(0) 1923 664947
F +44 (0) 1923 664910
M +44 (0) 7775 701792

J. Guadalupe Arguello

Sandia Nat'l Laboratories
P. O. Box 5800 — MS 0847 Albuquerque,
NM 87185-0847

jgargue@sandia.gov
tel. (505) 844-1482
FAX (505) 844-9297

Abolhassan Astaneh-Asl

University of California
781 Davis Hall
Berkeley, CA 94720

astaneh@ce.berkeley.edu
(510) 642-4528

Jonathan Barnett

Worcester Polytechnic Institute
100 Institute Rd.
Worcester, MA 01609

jbarnett@wpi.edu
508 831-5113
508 831-5680

Howard Baum

Building and Fire Research Laboratory
NIST, MS-8663
Gaithersburg, MD 20899

howard.baum@nist.gov
(301) 975-6668

Robert M. Berhinig

Underwriters Laboratories
333 Pfingsten Rd.
Northbrook, IL 60062

robert.m.berhinig@us.ul.com
(847) 664-2292

Jesse Beitel

Hughes Assoc.
3610 Commerce Dr., Ste. 817
Baltimore, MD 21227

jbeitel@haifire.com
410-737-8677
410-737-8688 fax

Craig Beyler Hughes Assoc. cbeyler@haifire.com
3610 Commerce Dr., Ste. 817 410-737-8677
Baltimore, MD 21227 410-737-8688 fax

Nelson Bryner Building and Fire Research Laboratory nelson.bryner@nist.gov
NIST, MS-8661 (301) 975-6868
Gaithersburg, MD 20899

Richard Bukowski Building and Fire Research Laboratory richard.bukowski@nist.gov
NIST, MS-8664 (301) 975-6853
Gaithersburg, MD 20899

Peter Chang National Science Foundation pchang@nsf gov

Ken Chong National Science Foundation ken.chong@nist.gov

Len Cooper Hughes Associates lycooper@erols.com

(301) 229-4474
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John Danko

Isolatek International
41 Furnace Street
Stanhope, NJ 07874

jdanko@isolatek.com
973-347-1200, x 202
973-347-9443 fax

Greg Deierlein

Stanford University
Dept. of Civil & Env. Engr
Stanford, CA, 94305-4020

ggd@stanford.edu
tel. 650-723-0453
FAX 650-723-7514

Jason Dreisbach

National Academy of Sciences

jdreisba@nas.edu

Philip DiNenno

Hughes Assoc.
3610 Commerce Dr., Ste. 817
Baltimore, MD 21227

phil@haifire.com
410-737-8677
410-737-8688 fax

Clarissa Ferraris

Building and Fire Research Laboratory
NIST, MS-8621
Gaithersburg, MD 20899

clarissa.ferraris@nist.gov
(301) 975-6711

Jean-Marc Franssen

Université de Liege

Inst. de Mécanique et Génie Civil
Chemin des chevreuils, 1

4000 Liege 1, Belgium

jm.franssen@ulg.ac.be
tel. +32-4-366.92.65 (dir.)
+32-4-366.92.51 (secr.)
fax. +32-4-366.95.34

Thomas Fritz

Armstrong World Ind.
2500 Columbia Avenue, Room 5203 A
Lancaster, PA 17604

Thomas W_Fritz@armstrong.com
tel.717-396-5679
FAX 717-396-5486

Ed Garboczi

Building and Fire Research Laboratory
NIST, MS-8621
Gaithersburg, MD 20899

edward.garboczi@nist.gov
(301) 975-6708

Richard Gewain

Hughes Assoc.
3610 Commerce Dr., Ste. 867
Baltimore, MD 21227

dgewain@haifire.com
410-737-8677

Jeff Gilman

Building and Fire Research Laboratory
NIST, MS-8665
Gaithersburg, MD 20899

jeffrey.gilmani@nist.gov
(301) 975-6573

James Griffith, Jr.

Southwest Research Institute, Bldg 143
PO Drawer 28510
San Antonio, TX 78228-0510

jgriffith@swri.edu
(210) 522-2311

Louis Gritzo

Sandia Nat. Laboratories
P.O. Box 5800
Albuquerque, NM
87185-0821

lagritz@sandia.gov
tel. (505) 844-8353
FAX: (505) 845-3151

John Gross

Building and Fire Research Laboratory
NIST, MS-8611
Gaithersburg, MD 20899

john.gross@nist.gov
(301) 975-6068
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William Grosshandler Building and Fire Research Laboratory william.grosshandler@nist.gov
NIST, MS-8660 (301) 975-2310
Gaithersburg, MD 20899
Anthony Hamins Building and Fire Research Laboratory anthony.hamins@nist.gov

NIST, MS-8663
Gaithersburg, MD 20899

(301) 975-6598

Robert H. Iding

Wiss, Janney, Elstner Assoc.
2200 Powell St.
Emeryville, CA 94608

riding@wje.com
tel. 510-428-2907
fax 510-429-0456

Rudy Jagnandan Isolatek International rjagnandan@jisolatek.com
41 Furnace Street 973-347-1200, x 204
Stanhope, NJ 07874 973-347-9170 fax

Richard Kaczkowski USG Research & Technology Center RKaczkowski @usg.com
700 N. Highway 45 Tel: 1-847-970-5255
Libertyville, IL 60048 Fax: 1-847-970-5299

Venkatesh Kodur Institute for Research in Construction; venkatesh.kodur@nrc.ca

National Research Council of Canada
Bldg. M59, 1500 Montreal Road Ottawa,
ON, K1A OR6 Canada

tel. (613) 993-9729
FAX. (613)954-0483

Mamoru Kohno

Building Research Institute
Tachihara 1, Tsukuba 305-0802, Japan

kohno@kenken.go.jp
+81-298-79-0692

Barbara Lane

Arup Fire, Ove Arup and Partners Ltd
13 Fitzroy St, London, WIT 4BQ

barbara.lane@arup.com
tel. +44 2077553303

FAX +44 2077552001

Dan Madrzykowski Building and Fire Research Laboratory daniel.madrzykowski@nist.gov
NIST, MS-8661 (301) 975-6677
Gaithersburg, MD 20899

Kevin McGrattan Building and Fire Research Laboratory kevin.mcgrattan@nist.gov
NIST, MS-8663 (301)975-2712
Gaithersburg, MD 20899

James Milke Dept. of Fire Protection Engineering milke@eng.umd.edu
University of Maryland
College Park, MD

David Moore Construction Division mooredb@bre.co.uk

BRE, Garston
Watford, WD25 9XX, UK

Fred Mowrer

Dept. of Fire Protection Engineering
University of Maryland
College Park, MD

fmowrer@eng.umd.edu
301-405-3994
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NIST, MS-8662 (301) 975-6695
Gaithersburg, MD 20899
Harold Nelson Hughes Assoc. hnelson444@aol.com
4217 Kings Mill Lane (703) 256-2004

Annandale, VA

(703) 256-0411 FAX

Andrew Osborn

Wiss, Janney, Elstner Associates, Inc.
14 Washington Rd., Ste. 501
Princeton Junction, NJ 08550

aosborn@wje.com

Long Phan Building and Fire Research Laboratory long.phan@nist.gov
NIST, MS-8611 (301) 975-6077
Gaithersburg, MD 20899

William Pitts Building and Fire Research Laboratory william.pitts@nist.gov
NIST, MS-8662 (301) 975-6486
Gaithersburg, MD 20899

Kuldeep Prasad Building and Fire Research Laboratory kuldeep.prasad@nist.gov
NIST, MS-8663 (301) 975-3968
Gaithersburg, MD 20899

Ron Rehm Building and Fire Research Laboratory ronald.rehm@nist.gov

NIST, MS-8663
Gaithersburg, MD 20899

(301) 975-2704

James M. Ricles

Department of Civil and Environmental
Engineering

117 ATLSS Drive

Bethlehem, PA 18015-4729

(610) 758-6252
jmr5@lehigh.edu

Richard Roby

Combustion Science Engineering
8940 Old Annapolis Rd., Ste. 2
Columbia, MD 21045

roby(@csefire.com
(410) 884-3266

James Rossberg

Structural Engineering Inst, ASCE
1801 Alexander Bell Dr.
Reston, VA 20191-4400

jrossberg@asce.org

Arnold Rosenberg

Building and Fire Research Laboratory
NIST, MS-8621
Gaithersburg, MD 20899

arnold.rosenberg@nist.gov
(301) 975-2421

Adel Sarofim

U. Utah/Reaction Engineering
Salt Lake City, UT

sarofim@reaction-eng.com
(801)585-9258
(801) 364-6977 FAX

Paul E. Senseny

FM Global
P.O.Box 9102
Norwood, MA 02062-9102

paul.senseny@fmglobal.com
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Mark Shmorhun Grace Performance Chemicals Mark.Shmorhun@grace.com
62 Whittemore Avenue (617) 498-4316
Cambridge, MA 02140 (617) 498-4360 FAX
Phil Smith Dept. of Chemical and Fuels Engineering smith@crsim.utah.edu
University of Utah 801-585-3129
Salt Lake City, UT 84112
Richard Smith National Science Foundation rnsmith@nsf.gov

CTS Division
4201 Wilson Blvd.
Arlington, VA 22203

(703) 292-8371

Kenneth Steckler

Treasury/ATF

KDsteckler@atfhq.atf.treas.gov

Shyam Sunder

Building and Fire Research Laboratory
NIST, MS-8610
Gaithersburg, MD 20899

sunder@nist.gov
(301) 975-6713

Amal Tamim

WR Grace
62 Whitemore Ave
Cambridge, MA 02140

amal.tamim@grace.com
tel. 617-498-4441
FAX:617-498-4419

Russ Thomas

National Research Council Canada, Bldg.

M-59
Montreal Road
Ottawa, Ontario K1A OR6, CANADA

russ.thomas@nrc.ca
(613) 993-0817
(617) 954-0483 fax

Jose Torero

Dept. of Civil and Environmental Engr.
The University of Edinburgh
Edinburgh, EH9 3JN, UK

jltorero@eng.umd.edu

Asif Usmani University of Edinburgh asif.usmani@ed.ac.uk
Alex Wenzel Southwest Research Institute, Bldg 143 awenzel@swri.edu
PO Drawer 28510 (210) 522-2311
San Antonio, TX 78228-0510
Ulf Wickstrom SP Fire Technology ulf.wickstrom@sp.se
Box 857, SE-501 15 Boras Tel: +46 33 165194
SWEDEN Fax: +46 33 417759
R. Brady Williamson UC Berkeley bradywilliamson@sbcglobal.net
1052 Merced Street tel: (510) 527-2248 (home)

Berkeley, CA 94707

fax: (510) 525-3009

Phillip Wearne The Learning Channel pkwearne@hotmail.com
(202) 232-2875
Robert Wills Regional Director, Construction Codes & | rwills@steel.org

Stds., American Iron & Steel Inst.
907 Spyglass Circle
Birmingham, AL 35244
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APPENDIX I11.

Presentations

A. NIST Response to Sept. 11
Shyam Sunder, Chief, Structures Division
Building and Fire Research Laboratory, NIST
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Il. Structural Fire Protection $20.6 M

* Firg safaty dessgn & rainodl of gruchires
= Werd of fire rEesEstance cdeternation
s Migation of prograsska collpse

= lrpry ed fire reciglanca moalings

Panivei & ASCEC age, 40,0 Fe 01Rk. Co0E Lonsin Tl
e, 00 o Tz 12 0es, FENS, LSACE, DTRA,
MR, MR, mal'lind, N3F, F i Giobal

AETM, 20, S, &S AL, UL, uriversties,




IV. Building Vulnerability Reduction $7.8 M

= Slardand infoerebion rodels

= Guldalnes, aivaicad echnobgy foe Chem Bio
Rad, gllscks

= Cnst-affectva s mansgemat fook

Paiivers! i, FINTECH, ASHRAE, B84, D00,
maﬁgggﬁn_ GE#, whato, MEF, Gl Ll o Brivis ety

Functions

Paitiss

0

V. National Construction and
Infrastructure Roadmap and
Support $6.0 M

Principal reviional fonan through winich faiy owvanens and
0l 0RO e GRS N neal e rEe20 0 O FSiait N D00 DNl N
o e o progects and pracice

Direre o Ao i hedem o, chied apent aterhnalooy ofieersin
direct and mptvabe neaced dange

ookl en d suppoe pranllal aieds of orvinoodng sodetics o
Improve beehnoi ooy, codes, and dsndams.

Provide s vics On D preciice:s:, guicken (8 on wineraiiiny
asaesanent, U danos on standards and codes N,
Condad ssfely netsted FiD

[ezcaminete s imesemant RED mipics.

.dﬂ:u:]db& ingou e (DAAS, Ny npus e dak o ities,
[ =¥

Benohned rasiz

Congraion Indudry Ingiube (i
Cral Engreering Fesssch Fourdsiion (CERF)
W Iniinuhs of Bl ding Soesnoa s (MECS)

Outputs and Impacts

Ot puks:
— ALY R ansears
— FraclicalMmes prachoes gudance innear \rm
— Appicalions of costeffective slaa of-the-art and
atvanced fechnolasas in med 1amn
— Revisions 1o stardands and todas
Iy acts:
— Reduced vuirersbiny - saved Ives B oosts
— Jpeedier eConomic retcwany and renewsd growih
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B. Goals of Workshop
William Grosshandler, Chief, Fire Research Division
Building and Fire Research Laboratory, NIST

FIRE RESISTANUCE
DETERMINATION
&
FPERFORMANCE
PREDICTION

RESFARCH NEEDS W OREKSHOP

Matonal Instionce of Standards and T echiology
Gaithersburg, Marvland TT54
February 1928, 2002
MNIST

=
P i P4 4 M il W B " i

ek iy Al e, W Dt e - TaLT rrmriaEiaLe

FIRE RESISTANCE DETERMINATION
& PERFORMANCE PREDICTION

Vision: A rational balance of competing demands
for function, aesthetics, fire safety and economy in
tall buildings

« enabled by scientifically-based performance
predictions, and

« endorsed by all major stakeholders.

TimeHorizon: Ten years

MNIST
Mo el barpos of Sepaiess 5 bbby
[T A TR -

FIRE RESISTANCE DETERMINATION
& PERFORMANCE PREDICTION

Developments needed to achieve vision:

« Validated tools (instrumentation, computational
methods, measurement techniques) necessary to
predict performanceof building materials,
products, structural elements, and systems up to the
point of imminent fire-caused collapse of tall
buildings

MNIST
o sl b as of Snmaioeds wad Teahackigy
LT PR TR - ——

FIRE RESISTANCE DETERMINATION
& PERFORMANCE PREDICTION

Objectives of Workshop:
* Review current practicesfor achieving fireresistance.

 Explore promise of firedynamicssimulationsand
structural behavior predictions.

* ldentify opportunitiesin materials science.

« ldentify opportunities/needsin advanced
computational methods; and for new measurement,
instrumentation, and test methods.

ST 2=

Homig sl eap.as of Smmaioeds o ad Tehecbogy
L e T TN TE N e -

WHAT ISWITHIN OUR CHARTER?
B

FIRE PROTECTION E
ENGINEERING

MECHANICAL
ENGINEERING

STRUCTURAL
ENGINEERING

P

MATERIALSSCI ENCEi
& ENGINEERING

MNIST
o ey bamas of Snmaieeds 5ad akackigy

TR A TE N -

WHAT ISOUTSIDE OUR CHARTER?

« Buildings less than ten stories tall

* Industrial facilities

 Impact damage

« Blast protection

* Progressive collapse not initiated by fire

* Incremental improvementsto current
codes and standards

MNIST
Mo el barpos of Sepaiess 5 bbby
[T A TR -
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WORKSHOP PRODUCTS

* Report s izin g o jectives anid general
COLSERFLS i PrEoricy. approach, Mg
options and axsociated timelines, and reguired
Tollow-an actions

* Bopdimap to semnline implennent atlon of
vesean ol results ineo international product
stamdards, fire codes, andd constmction
practices

NIST =3
P B B 4 H el il W B @i

el iy b e, W Dt e b G SirnEgsSedauigh s

WORKSHOP MECHANICS {1:2)

Invired presentarions, with comrnents ad disonszion
tlronghont { Tuesday morming suud aft ermwoo)

* overview of fire protection designs

* five modeling

+ fire resistamt raaterials

* struemral e deling

Lummilvineaks: NIST cafefevia

Comenn on vision anad begin parallel by eal oml sesgions
{ Taesday, late afternoon (Bill Fitrs, LE-E: Joln G10s3,
BllL; ]

e~ e
B e B D 1 H el i W B -

e i b, L Dt e b G Sirngdnlanigh s

WORKSHOP MECHANICS (2/2)

rymer; imformal discassion (7 pimj:
Mus. OFLesny's, 555 Omime e Or chiansd Bul.

Parvallel breadi-oul se s ons (Wednezday morning)
(Bill Pitts, LIR-Tk John Grazs, B111; : ]

Report out {spokepersons)

Triscussion among all paticipants, leading to
reconmendaions and a5 g ents

Aljoana (4 pam Weilnesday )

NIST =3
P B B 4 H el il W B @i

el iy b e, W Dt e b G SirnEgsSedauigh s




C. Oveview of Designing Buildings for Fire Resistance
Craig Beyler and Philip DiNenno
Hughes Associates, Baltimore, MD

Overview

+ Brief History

= Current Status

« Current Rale in Fire Safety

» Current Status

« Status Cirea 1965-1570

= Needs for Science Based Structural F.P.

Overview of Designing
Building for Fire Resistance

History History

s« Denver — 1st fire endurance tests 1906 . ASTM — Committee after Balt, fire
(floors) » 17D0°F, 150 byfft? — 600 b/t

1308-1909 .« 1 ASTM Standards

1910 « FM, NBFL, NIST =furmaces At UL

1817 Column Test

« NYT Bldg. Dept Foor system

Columbia U Fumace

Role of Fire Resistance in Fire

Safety

» Prevent Building Collapse
= Prevent External Spread
« VerticalfHorizontal Fire Spread

NBS/INGBERG — Fuel Load & Fire
Resistance Time

» Means of Egress
« Smoke Control
= Firefighter Safety




Current Status Current

1k
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Effect of Window Area on Fire Temperatures
Materials/Systems Currently Used During Bumout Tests with Natural Ventilation

trepE
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-

g

i1 31 1 1.1
gz2
TEMPERATURE, ®F

State of Art (circa 1965-1975) 1575-1980

s Mechanical Respanse « 3-D Finite Element Heat Transfer Model
= Structural Response Model (FASBUS)
Model of Post Flashover Fires [ COMPF)

Needs for Science-Based Science-Based Structural Fire

Structural Fire Protection Design Protection Design
» Design fire exposure i
= Thermal/Mechanical Response of
Insulation Systems
s Structural Performance in Fire
s Test methods
» Performance Criteria
s Technology Transfer




Design Fire Exposure

« Madern fire load survey data

« Combined localfglebal fire exposure
characterization, i.e. beyond well stirred

Structural Performance in Fire

» fesess needs for full structural frame
analysis v more detailed |ocal
deformation analysis

Pssessment of connection performance

Performance Criteria

+» What are we trying to achieve?

s Acceptable local performance

« Acceptable global performance

» Risk, reliability, and relationship to the
totzl fire protection design

. Inspection, Testing, and Maintenance
(ITM)

49

Thermal/Mechanical Response
of Insulation Systems

« Institutionalized thermal properties test

methods

Test methods and performance critena for
mechaniczl response; non=-fire, impact
loading, fire exposure

= Fire barrier performance- must address

along with structural frame performance

Test Methods

« Need full compliment of test methods for

engineering properties

Revisit furnace testing metheds:

-exposure should be severs (1709}

-test should be a validation of
engineering methods

-revisit the relationship between the test
and real structural frames

Technology Transfer
“The Real Problem”

« Develop 2 broad consensus for the need

to change how we do 5FP
Codify SFP design practce

» Formulate building code requirements
s Educate engineers, architects, AHl's




Needs for Science-Based

Structural Fire Protection Design

« Design fire exposure

= Thermal/Mechanical Response of
Insulation Systems

 Structural Performance in Fire

s Test methods

» Performance Criteria

s Technology Transfer

summary

Science-based structural fire protection is
clearly technically achievable

= [t will require a totzl reexamination of the

SFP process from listing, to design, to ITM

= The payoff? - known, cost effective

performance and safety



D. ASCE/SFPE Standard on Performance-based Structural Fire Protection Analyses
James Milke, Department of Fire Protection Engineering
University of Maryland, College Park, MD

Secope and Motivation

—. —

ASCE/SFPE STANDARD ON
PERFORMANCE-BASED STRUCTURAL
FIRE PROTECTION ANALYSES

RESEARCH NEEDS FOIR FIRE RESISTANCE
DETERMINATION AND PERFORMANCE PREDICTION

Jim Mlke, P, PEE.

Ceparmment of Fice Procecrtion Engi neering

—. —

<Vigtivation
= The current test procedure is a comparative test
and is not easily related to actual fire
performance

“Scope
F Develop standard sutlining caleulation
procedures to assess performance of structures

to actiial fires

Status Amnalytical Framezvork
#+Status: Pre-standard developed: | Fire Exposure |
> ASCEStructural Engineering Institute 4
*3FPE I o E), Tt o
L | ko poc Temperahae
»Several industriss within the concrete sector ey ""H-l Fasvel DEIPANAE | = Limi
a Tiey.2)
*Masonry Alllance for Codes and Standards Broperies i) o,
» AFPA o Glatiity, =
r,E n Load Canarify,
% Pre-standard distributed to comimittee in | Structural Response |ﬂ Defiantion
summer 2001 Foat-fire
\C}E‘ps‘bﬂ.ﬂ}"
B RAATT ANT B MATT AN

Organization of Pre-Standard

Structural Analysis Approaches

.~ e

++ Fire Exposure

= Concrets Materid propertas
< Masonry Thermd rasponss
<& Stesl Sructural response

Poations «f
i STTCTR

ndnadial

PP Glalkal

J:mﬂin:mirw '+'
et T |+ |+
Expeinents + -+- +
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Fire Erp osnre

Fire Scenarios

<+ Describe heating
conditisns

= Hea v ine

¥ Temparaturs with

radintive and connves thve
parameters va, time

= Methods; algebraic
equations, computer
models

¥
5
]
o
E
o
=
=
I
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i
b
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Ayhd,

Mechanical Properties - Concrele

. e e
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Tefraerature (2]

Thermal Response

Thermal Response

. — — E—

< Algebraic equations; uniform temperature of steel
member exposed o any fire

T
[:fex]
500
Elual
00 i
m
1m0

o

— Calcdsbon & Test

Teiperating i)

.

+ Computer analyses: 1-, 2-, or 3-D Temp. Distribution
= Warlalle exposure
= Comples geameny
= composite floor assambly
= ugll with roids
= azym metnc or patially profected members
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Structural Response

Steel Coluwnu Stability

. — — E—

<= 1% grdar analysis: single member analysis using

= _—

elementary equations st
¥ Column£1ability of Batbieimal eleaent 00
* Maonent ﬂ'ldl]’&lg- af skl beam E e
= Apply teip erature-depend ent material properties E
4+ o parter models AN
= Temp evature ks teilstie n 50+
* Vaiable cross-section o L AR N
= Complax loadimg E R e T
* Framse analys es 3 [T L i fi £
Crilicsd Slancames=Fsho
WHEYERSLILY b WHEYRRIILY U
B M AT AN 8 M AT ANT
Moment Capacity Analysis Structural FEM
I \\ el < CEFICOSS (SAFIR) < Input
EEg m e . & COMNEIRE = Tamyp. distsibutien
'E o €n s e 5 & DIAMA = Stremgth, modulus, coefficient
% E \\ 40 = : af thommal ospansion, creop
cE w m & = FASBUS.| Nk
£ 1 — m £ < LENAS-MT > Enil Gandsiiens
E s 100 e -
E2 L il W LUSAS & Qutput: stresses, strains,
I 1SN R S| ':' SISMEF defiections
Tirre (e = VULC AN
1580 mm Siliceou= Concrete Slab with cover=25 mm;,
Handard fire auposure WY ERLELLY b ﬁl.l\-l"lll.!u'f [
MATY] ] AN TAMNITD
Sunnnariy Suannnary

] — — E—

< A fram ework and analytical methods are available
to predict the effect of fire on structural
components

=+ Methods are applicable to
¥ heams, columns, slabs , walls
* msomhblies cempiised of concrote, stoed, timbar, advancad
camposites. gypsum, prelactive matsrials...

. — — — E—

< Experimental data is required to;
* Determine material properties at elevated
temperatures (via standard test methods?)
® Characterize material behavior: cracking,
adherence, charring and spalling
» Calibrate modals
» Examine interactions batweean
s Companents of building assemblies
= Adjacent building assemblies [as part of struciural
frams

WRIYERIILY U
& LAV ANT




E. Simulation of Accidental Fires and Explosions
Adel Sarofim and Philip Smith, Department of Chemical Engineering
University of Utah, Salt Lake City, UT

Center for the Simulation of

Accidental Fires and Explosions

Ldel F. Sarobim and Philip J. South
Department of Chemical and Puelz Engineening
Triveraty of Tiah

Workshop on %, Vignettes
BESEARCH NEEILN FOR FIEE BESISTANCE * Caotnputatiotal Chems sy
DETERLIMATION AND PERFORMANCE » Fire Zpread
FREDMC TION & Mlatenal Peint Ddethads

MIET Gaithersburg
February 19, 2002

OUTLINE

%. Baclzrmmd on C-SAFE
& That is C-SATEY
& Felevance to Werkshop
& Inier dismiploary
* Lyge Srale Soulahon:
& Mudf.phaer, Mulsrake
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# Problem arcas

mk Conclusions
CSAFE
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MPR Demonstration

Flexible heam in 2 crosstow

HIGH ENERGY MATERIALS
Comainer PAEE Haating Responsa Simalation
Containar. Steel
Bl rnodulis: 20088 Fa
shesr madulus 77 Eed Fa
yiald streas: 25006 Pa
hadanng modulus 7re? Pa
OCx: 003138 m
IC: 002456 m
Thickness: 0.001Em
Conterts. FEX — ViscoSoram
Canter hole: Q0032 m
Burn IWodel: HE Team, rate =Akp"
Initial Temperaturs: PEX, 300k

ﬁﬁheﬂ heat flue at container sumacs

Container/PEX Heating Response Simulation
MWlass evalltion

Images from Propane-Fired
Fast-Cook Off Test

Timse tir Bxplogion Coreelates with Heat Pl
{Tusferred from Tt using Duhammel Supsrposizing
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Uintah Computational Framework

C5ArE
.t._!! MEEE.LIL: LS

Ty

Cenkry
1 Dotw e

e
' Ea

T -
o 3

Keys to Success

S TWell defined goals
*. Mansgement Cormmiokee chaimil by Dave Porshing to provide

priurities,
+ timetable,
i egaurre allocafion,
* eenflict rean bubinn
% Designaton of aefivas & sgineer for each olip o we e wiil dhe
R TER Ach RSl an
2 il development
+ Comaan eamaguter aotidoe ohur
* Problem sulving = pvimament
* Pamlidliradon, Visuiliadian
% Metwerking with the I'OE laberateries and with matiomal end
wther disrcipline experic
%, Tim in with experisendal programs for validades

Froblem Arveas

S Titerfaces
o Between plhiases
S Comouanication
o Between dizciplines
«With nltimate nser
% Tiata
a Commmication
aStorage
s M ining

Conclusions

. Crosseamng Tzanes need Tuter disciplinary Approaches
= C-SAFE experience mnderlines importance of cloge
collaboration berween software engineers and
CompTTer SfiAniETrE
= *Amphibians’ needed mo hridze gaps hetween
iz ciplines
* [mpartance of communacation canmat he
overstated (THER: *The greatest moyth abont
commmniication is the mistaken belief that it has
taken place. ")
% Major Advances m Sanlatien Science
* Computationsl clemistiy for propertes,
e limisms, kinencs
* Ilove detailed kinene and Tuid wmechanics models
cau be iecInded in massively pavallel computafions
* hlaterial point methods shew promige for handling
large defarmations amd break up of shmeinres
= Expenimental vah datian and gmdanse ig evnsial
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F. Research Needs
Howard Baum, Fire Research Division
Building and Fire Research Laboratory, NIST

» Defining the building
- Generating electronic databases

- HVAC systems, stairways, and elevators

» Burning the office environment
- Furniture and other non-planar items

- Libraries and paper files

» Fire induced geometry changes
- Window breaking

- Warping of partitions



G. Simulation of Cardington Fire Tests
Asf Usmani,

University of

Heheol of Conl & Eoviccamentsl Engaeccg

STRUCTURES AND FIRE RESEARCH INSTITUTE
T Firdéee, OB T BIF Sk, 1 Teoern, 8% Usnams, Pk, 6 (ks

Computational Modelling of the Cardington five
tests

AR Usmam
coworberz. B Lamont. M Gillie, AW Sanad, 30" C'onncr. Th Fotter,
DD Drysclate, B Lane
University of Edinbargh, Scotland, TE
Cerug Fle, Cnre-Arap & Partners

A |

Edinburgh, UK

Background

+ Events showed stuetoral design for fire as overly conservative

o Cindington tegts curied ont to address poonanily the. and o
simpreve underpanding of structual behavicur
#produce data Ffor validating computer mod=ls
arwenmally belp dewelop more vational desten methods
wreduce cost of sieel fire protection and sell more aweell

# hlove an f1oimn the entrenched poor prachce! standard fire test

BN

JIxas §

(Cardington Frame

Modelling project plan after Cardington

[T R Spessnral Stnaclural Fagi peering.
prajects hased on Cardiaghon fire fesls |

A P [

[ EN e N LADAFTIC

PursERATIE S Tudles = Dansbopnism of |
| with wislsdited imodols) IFemipm Cinkdancs

DESTGN RUTES

EANDERSTANDIMNG
SETRITCTIIRAL

BEHAVIOLR

iy (T 10 R 27.-.:;.;‘?.5":-_1:._‘_' [

T

ETE T
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Key equation

&

i + = ?
todal “thermal = “mechaical

Sotal = Dizplacements

"r'luctlmm.'nl - Stresses

Thermal expansion

Restrained thermal expansion: Pre-buckling

s -5
P& &

Unilerm rempamiurariss AT

=Rt a=1

.r.m —_ g

EFE=Fly =-—Hde =-—HEd AT

: @ T T T m o 9
Thermal bowing
Curvaure => ¢ i

Thermal Bowing with ends restrained against rotation
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Thermal Bowing with ends restrained against (ranslation
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Main principles to interpret model output

# Fire effecr on beams and slabs can o deguately be described in terms of
wean temperamre mcrement AT & troneh depth thevmal gradient T,

# Beateaint te Jateral tranelatice produce: cofoprasdicn (enall 7esraint anaugh)
# Thermal gadients supede crvatwe in wredramed pm ended members

# Gradi=ots imduce moment 1n members wath rotationally cestramned sods

# Gradisots mduce tension in pin-ended mamslatonally resramed members

& Uombinatione of thermal expaneicn av] bewing with vasious resteaint
ponditions produce 2 Jarge range of deflection and internal Borce patberng

& In slabs andd other 20 members conpabibility of displacements m the
. b direstions may govern internal forces and displasements

@I
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British Steel Test |
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(Restrained beam test)

300z 13

Detlected model

300 17

British Steel Test | (Restrained beam test)
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Column lateral displagemeﬂj;.:;ff; e
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Gen stress shell elements for slab (Testl) Model of Cardington concrete deck strength
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British Steel Corner Test (structur
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Elastic shell model

RTINS AR Tl o T e s 555
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British Steel “Oftice™ Test
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Shell pl‘l]:l(:lpal stress pattern at 1100 °C
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Elastic shell model with detailed beam
maodelling
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ABAQUS-Explicit model of’ “Df‘ﬁce Test™

Sheni mnvaried

ABACOTTE Concrete cracking model wsing
Cartesy Corns [FTC) o 5
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LESSONS

#Hestraint to thermal strains dominates response

& Conventional loading snuch less frmportant when restraint is
high

# Response sensitivity to steel strength is low

# The above will change near failure or collapse, failure not
observed in tests of modelling, how far is it?

# Tensile membrane action { TMLA) in the spans and
compressive membrane action (CMA) near perimeter
observed

# This load carrying mechanism more reliable in fire,
thermal strains he]p produce the “right shape™

TR ]

@ap bt ptbankomeed by thermal pre-stressing
| fli N
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FURTHER MODELTTNGSS
#The two key thermal effects governing structural behaviour
W mean temperaluce incrcase == coopres sion == long cool fives

#through depth thermal gradients == ferson == short hot fires

® Cardington was a medinm size braced firame Chigh
recundancy)

"w‘hﬂt dl.'!l'.\l.lt SﬂIEII Eﬂﬂ'lﬂ." {II\.IW rt-\'JIJrJF‘.ﬂl'IL' :,'} n'l:ﬂd Wh;\.!lﬂ EIDO:I FII.'ES
& Wik about ey large frames Caiith large compartments)

# Tensile membrane force need anchoring at compartment
perimeter

#Intericr conbinuity can be promded by lepping retnforcement

$-Edor and cotnes comparttnents hawe disconfinuaus edpes

Fal ol rEr)

Pettersson design fires

= Welverdi=ted

F=

—= U nderwentilalecd
i OF =0.07

Atmicach ene Temperdire T
4
!
¥
d
&

e
R
|
am
e ——
o e
a Zm am am ] om 1 1<
Ti i (Ee)

Studies with different fire scenarios

Long-Cool fires
Short-Hot fires
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The 2x2 generic frame mesh

The 2x2 generic frame mesh

Deflection Contours - 2x2 generic fame
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Studies with different edge beam

protection

Edge beams protected
Edge beams unprotected
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Primary beam instability

Paint loads bom Su:nn.l:i.u.r].' fb:m:n::

Fire scenarios {air tempe
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JTANA analysis (“long cox
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Detlections (“short hot™ fire)
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Condusions

#Fimdes gn & based on times - Btructy ml mespense depends ontem peamty m
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Deflections (“long cool™ firg)

Wil iy AR e i RS

vy Courbesy THO Benw (ML) 4

Further research: Strategic
# "Waorvl case Fre scenarin can only be hased on its potential fer siructaral

dammge Conly For mroctural integesty cosmiderahione]

# Lot scare degign soemeriod must be the baces of all rmeturad design

# Lisalr srates resulnng from extrenie fre events shoold be weleded

# Lecalised collepse should sof cause over all progresave collapse

# Tall bulldisgs (whare suppresionsvarmatos time is begs), will regeire
spirial cemilderation (no collapeal

TLNLEI A6

Further research: 1ssues of detail

# Floor slab failures, ame they ductils (ronaway) er brittle (fracture)
& Shont ot v Long ceel Gres: whickh is worse?

# What happens on cooling?

# Detailed madelling of connechons

& What kied of fure loading in large compartments

# Integrity of non-loadbearing compartment boundaries

# Development of a rabional restrained test

& HOW TO DEFINE FAILTRE?

1 R RS AR M R IR R W 55
i @ B ot RS e 3 S A T ey A3 L P, 19 k. DRI A

Bt/ ewrwe civeed ac.uk research/fire/project/inain
html
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H. Fire Resistance Evaluation of Large-scale Structural Systems
Venkatesh Kodur, Institute for Research in Construction
NRC-CANADA

Hetiomal Resesrdh O
Canmiedl Comrada

MC-ChC

Fire Resistance Evaloation of
Large-scale Stroctural
Systems

VE.R Hodur
Institute for Research in Canstroction

Fire Safety
O Buildings - Dasign requirements
* Fire - Severe conditions
= Fire safety
« Joss of ifa and propenty
O Fire resistance - structural elements
= safe evacuation of occupants & fire persommef
» [Tz e propefty daniage
« coftrof spread of fire

O Mederrr buiidings

__Steel Soxd Wall Assembly in Wall Furnace

70

Outiine

o Background

o Current Research Profects

o Fire Performance of HSC

o Experimental Studias

o Factors Inflirencing Fre Performance
o Design Guidelines

o Trends, Needs, Direclions

Figor Assembly after FR Test in Floor Furirace

__Steef Stuxf Wall Assemidy in Wall Furnace




inrermediate Scale Furnace - Walls & Flooirs

High Strength Concrefe

0O Superior Performance
= Migh strength
« Durability

O Applications
+ Bridges, Infrastructure Projects
* Buildings - Columns

HSC Exposed to Fire Experimental Stadies

O NSC - good fire resistance 0O RC columns - HSC. NSC
O HSC - behaviour of different from NSC 0 Test variables

] Spa.'-‘irrg + 28-day compressive sirengih
= low porosity, high density sificecus, carbonate aggregate
= [Ore pressiire « reinforcement configuration - ties
size
foad fntensiy
fibre remforcement

O Ne guidelines o HSC exposed fo fire
= NBCC, ACI 318/216, C54-A23.3

O Elirminate fire protection fire intensity

MC-CNIC

Hevabon & C.5 Details of HSC Columps Fire Resistance Expcrimcnt’s

» full-scale specirens
desigrred to code speciications
foad's, ends conditions
sid. time-temperature (ASTIW-E119/E1529)

temperatures, deffections, fire resistance
spalfing

71



ASTM F119 arud F1529 {Hydvocarbon Fire)
Exposure for Fire Resisiance Tests

Tapumke

HSC Column after Fire Spalfing in HSC

Resistance Test « Not significant in early stages (30 min)

= vary minimal in columng with 135" resg

= Spalling progression (1 -2 firs)

Post-faifore Observations

oNSC Column
- fies did not cpenup
+ lass buck
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Varmabon of Temperaiure with Time in
NSC and HSC Cofumns Exposed o Fire

Varnation of Deflection with Time in NSC
and HSC Cormins Exposed to Nire

Factors Influencing Fire
Performance

= Compressive strength
Reinforcement fayout
Moisture content (RH)
Concrete density
Heating rate {fire imtensity)
Aggregate type
Load inmtensity, Type
Fibre reipforcement

View of NSC and FSC Columns afier
Fire Resistance Tesis

) Wl duwssgie cowwois oedroren () Higk svmnghanmenate aabrares
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Effect of RebariTie Layoul Effect of Aggregate Type

Cloger Tia Carbonata
Spacing Aggregate

Corfiguratoen

s F
Enhances

View of HSC Columns With and
. Withoiit PP Fibres
Higher
Load
Lavals

Fr3zmn=iw

View of H5SC Blocks, with and with Desian Solutions
out ibres, after two hour g
Hydrocarbon Fire Tesis 0 HSC columns | B Ty e 5man

el s

ko

0O Reint. datailing
= tie configuration
= bending tes @ 135°
tie spacing - closer
cross ties

minimizes spafling - ‘
enhances FR L ot

1A

—
H Bl

(8] EIE Bl st oo i ) HEC Blacks vt pebepecpylons B
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Cures (Solutions) - Spalling Numerical Studies
o Materral properties at elevated temp.

1 CAO0RRIE SO ECIE (et I0DR) = Thermal and nrechanical properties

o Normal density regare
y aggrega o0 Computer program

B O] Coniaie COv. - Predicting the betiaviour of HSC columns

o Lower foad intensity; accenticity
O FParameitric studies

+ Factors inffuencing the behaviowr
« Design equations for fire resistance
= [iegration with structural desigh

MC-CNIC

—oe Temperatures from model & fest Axial deformation from model & fest

"
Fl
=
H
2

i W

(LR RE 1]
v Cudac ' FCE irsrknn T

Collaborations Fotuare Trends, Indasitry
Needs, Research Directions
Concrete Canada o Fire Resfstafice - Reafistic Consilerations
cCcA = Tools for analysis, fire scenar

PCA + validated models, design #

CANMET o Performance-based Codes
MOBIL R and D Corp. Tech. Inc lation methods

NCTU, Taiwar } guides, software packages
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I. Improved Fire Testing in Combination with Calculation
UIf Wickstrom, SP Fire Technology
Boras, SWEDEN

"Improved fire testing in
combination with calculations”.

= U Wickstriun
« 8P
* Bords, Sweden

Fire safely dexien

Fire vesistanre Reartiam tn fire

2

Analysis of fire exposed structures

= Fire development — design fires

+ Heat transfer to fire exposed structures
* Temperature development in structures
+ Mechanical behaviour of structures

Proposals for improvements in
fire resistance design

* Develop methods for measuring thermal
propedics of atruchural and protectve materinls at
elevated temperature

» Develop methods for measunng mechanical
properfies of simuchral materials at elevated
temperature

* Tmprove fumace testing and develop technics for

monitoring deformmation propeties of smuchral
elements

TPS apparatus for measuring thermal TPS apparatus for measuring thermal

properties properties
TP 5 = transient plane source, heat transmission, thermal TPS = transient plane source, heat transmission, thermal
diffusirity diffusivity

76



TPS apparatus for measuring thermal

properties Proposals for improvements in
TPS = ransient plane source, heat transmission, thermal
dilfusivity

fire furnace testing,

* Llze Plate Thermometers to momitor and
control temperature in fiwnaces

« Keasure the deformation properties of
struchiral elements during fire test exposure

The Flate Thermometer yields
better temperature control of
furnaces

Temperature control of furnaces

ST

g

CEN and [S0O

ASTM

Plate thermometer measurments Plate thermometer measurments
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Elats Flate H o — [— —TbeamCaln
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Test model in standard test

e

Standard testing of a loadbearing
beam vields only the fire
gndurance time

Dol [

A global analysis requires
member deformation properties

o

Finite element modelling

ey

T 1T
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Y
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A
b
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Composite structure
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(et the deformation properties
during fire testing
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J. Degradation in Performance of Installed Fire Resistance Materias
Frederick Mowrer, Department of Fire Protection Engineering
University of Maryland, College Park, MD

Performance of Installed
Fire Resistance Materials

' Frederick W. Mowrer
Dept. of Fire Prot. Eng.
University of Maryland

_‘_\11 h}f:l :

Aty

Process t@

Erect structure

Apply firepraofing

Inspect fireproofing {maybe)
Scrape off fireproafing

Install other building services
Cover everything up with finishes

Farget about it
£ =
Ty i
Some issues t@ Connections .—,@E
Connections Connections not evaluated in tests
Attachments How should they be protected?
Long spans -
End restraint
Condition of fireproofing
WD ratios
Attachments t@ Long spans t@

How much firepraofing do attachments
require? Thickness? Length?

Spans of approximately 12-15 feet tested
Actual spans can be much longer
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End restraint

Test specimans wedged into frame

How does this relate to real-world
restraint? 3

LAty

Condition of fireproofing

Ty A

Hows can deficiencies in fireproofing be
recognized? How can they be analyzed?

ALy

] o
T

Missing fireproofing
What is the effect on overall performance?
What tools are needed [ available to analyze?

g

ALy

i) it
T

W/D ratios

W/D ratios used for differant geometries
Theory based on Cartesian 1-D analysis
Nat applicable to cylindrical coordinates

ALy

Time constants ~ W/D ratios %

Cartesian Cylindrical
P, o= Flinfr,in)
ol i

M 2

O T R

[ETETE=——

ALy

R L
Example Fini
Fmi mrpre
ol simn 5w e o s ol s e
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Summary f«@

Ny e

There are a number of significant issues

related to predicting field performance of

structural fire protection

Sorme issues are widely recognized
Missing fireproofing [ attachments [ restraint

Some issues not as widely recognized
Connections { spans [ WD ratios

All issues require research to improve

pradictive capabilities
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K. Materiasfor the Fire Protection of Structural Steel
R. Brady Williamson, Department of Civil and Environmental Engineering
University of California, Berkeley CA

e Fine 3aTely Engirsering Stisnue e Fire Sately Engirsering Scisne
- 1 Overview
Materials for Fire Protection of
Structural Steel T ——
. Firg Recistarics
Robert Brady Williamson 7 Origis

Interdizciplinary Bragduaie Dengram in Fme Saoly Empmeering Bcinnco Facer o .?ual'n'.'.-:_p Elerrenta

Deprartmient of Cidil & Envlronmesal Engineering & Forest Producte Labmrion e AT e Ap e

University of Califomia: Bekeley

Survey af Fire Froefing* Materials

WORKSHOP Spraped Fire-Resistive Materioly
Research Needs For Fire Resistance Determination T P
& Performance Prediction Tasts for Sebasion 4o Achesion
Plations! (nstfute of Slapdsds AR T eclmoig) Canclusions & Pecammendations
Geffershurg, Ifarpiand US4
Febrvary 184 20 2002
s Fite Sately Engireearing Stigne e Fite Safely Englresring Stisne
Background Fire Resistance & [t's Origins
|

Firgz |ie the MYC Howe Life Fire 1
18948 helped shape the 20™ century
oppraach ta "High Rize” fire safety.

The nev approach W fo maké
calumnz, walls, floors & other
"glements” Fire Daredvg.

* S~ R girtive Cuirtredion® 13 defired ar “the ability of on elesent of buildirg
emrtpuction to withrtond the effects of fire for o specitied perod of time
without loms of its Fre separating or load bearing function®

The Mlndu-d A5TH E-LLA Temperatups v Tine ¢ eyolved From many fire
fﬁ;:ls {l.'l: = continually added o the +[:r|u- The Cn:llurl ia Lniversity \‘e-:;f:lll'l.lf is
shown hare -

TwwawanEa |G

s Fite Safaly Engirsering Stsnce

Fire Resistance in the Late 20% Century

Building elements. [colunns. booms. wal ls. floors. et are exposed 4o the
Stondord Tme v, Temperoture Qurve, They need 1o haold the load andser
prawent the fire fron mpreadieg o the rext space. Here are 4 ot fhe
stardard curwes at thi laft. A'colunn iz ready for test ot the right.

s Fite Safaly Engirsering Stsnce

The First Materials Used for
"Fire Proofing”

The ¥' moteriaols
used in the aarly 20M
century wers
traditional
construction materials
such os mosonry or
concrete

These required

substantial labor costs
& high densities.




e Fire 3aTely Englreering Suisni

e Fire SaTely Engineering Stienie

In the Middle Decades of the 20™
Cerrtury EVpsum Plaster Came into Use

The first gypsum-based
tems, such as the wire lath &
plaster system at the right. also
required substantial lobor, & they
were not very light.

They shared the bosic
pretection mechenism with
ecnerete of hydrated water,

This water of cg‘tfd“mﬁm
was immune from “drying sut” &
was very effactive in echisving
good fire performance.

I the Laset Half of the 209 Century "Sprayed Fire-
Resistive Materials” Became J}wéﬁ’

There was a general change
from the traditional fire

reafing systems to "5

ire-Registive Materials™
(SFRM) which used hydrated

psum or partland cement as a
EI?I'I*-F with various fibers &
ather fillers.

These required lower labor
costs & imposed wcighf
renultias than the materials

hat had been previsusly wsed,

s Fite Safaly Engirsering Stsnce

Sprayed Fire-Resistive Materials
SFRA bei u%pliad ta
Seda Hall ot .
Thay have bacoma the
d.

e Fire dafely Engireering Stisnee
Performance Reguirements for SFRM

In 1972 Williamson gave 4 requirements for
SFRM™:

A, Parformance under actual fire conditions,

B. Durability & imtegrity under normal |ife of the
strusture,

€, Durability & integrity under the construction
process,

D. Intagrity &for general condition under special
condifions such as earthquakes, thermo-nuclear
attack, or the relative ease of repair following o
fire axposure.

= Willizmezon, BB, Repart to Sprayon Infernational, 1972,

e Fire Safely Enginaering Susnce

e Fire SaTely Engineering Stienie

A Test for CohesiverAdhesive
Properties of SFRM

LLLLLLLLILLIIILLIL. - oo

A4 e 1
"_'\ TPALAL IS N L8

lf lr({ lr.f.‘lllr”l ::!‘:ﬁl\ﬂ“ﬂ‘ln
t e

The test method schematicolly shown above is
#eiga-ilamd in ASTM 7386 which was eriginally published
L E

The fundomental problem with this fest is that
foilure can ocour in two ways os copfured in the fitle:
it is gither o cofiesive or an adhesive failure.

Other Tests for SFRAM

There are a number of tests currently used
to evaluate the non-fire performance of
SFPN:

ASTM E 606 Thickness & Density

ASTM 759 Effect of Deflection {of adeck)
ASTM 760 Effect of Impact on Bonding
ASTM 761 Compressive Strength

ASTM 937 Corrosion of Steel by SFRA

Like ASTM 736 These tests are not
necessarily well linked to Materials Science.
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Pl Fite Safely Engiraering Stisne

Research Needs for 5FEM

There are mary dif ferent SFRM materialz
commercially available toeday, but the current
test methods do not adequately address the
most important properties or the range of
conditions represented by the WTC attack

For Instance, the cohesive/adhesive test

[ASTM 726) needs to be supplemented by a
test which evaluates the bonding of the
SFRM to the substrate.

A Possible Test for Adhesion of SFEM

() Flate dpsman

A

The schemetic diogram abave shows the geemetry of
the & to evaluate the esion of @
deformable material odhered to a rigid substrate
{Wifillioms™).

Theire will always be en "adhesive | for any
moterial, & it is important unde its structure.

#ililliame, ML, . &ppl Pahy Sai, 14, (1970), b 735745

] Fie Safely Enginaering Stsne

s Fite Safaly Engirsering Stsnce

A Biister Test for SFRM

LLLLLLLLLLLLLLL. -

I | R : « gprayed Blrs-resiaiive
i3 M [t s VR
.:;"-;r > :f';':‘-‘ '; ."‘.‘{.'; e material

s Rt b | R R

= dmed bows

A thin plastic "bag” can be attached to the
substrate before the SFRM is applied.

Then a measured pregsure can be applied to
the feed hose to cause the bag to inflate.

A Blister Test for SFRM

— e

m—Sprayed oatarisl

S v
el
o = P resnent Safomrmtion

The application of pressure to the
"blister” can cause the SFRM to deform
&/or a crack to grow at the interfaced of
the substrate & the SFRM.

s Fire 3afely Enginaering Stenie

e Fite 3aTely Englreening Suisni

A Blister Test for SFRM

= B’

The subztrate on the left was oily & the
SFRM had poor adherence

The SFRM was well bonded to the steel.

conclusions & Recommendations

The fire and non-fire performance of
Fire-Reziztive Materialz should be
reevaluated in terms of the current
challenges to buildings & other structures.

A new approach to testing & approval of
these n?u‘rerlals should hags‘raﬂr'ptped.

There zhould be generalized "Materials
Science-Based” research to characterize
the available materials & to establish the
“micro-structure/property” relationships
that are central o Moterials Science.




L. Performance Based Analytical Prediction of Fireproofing Requirements in Complex
Buildings, Robert H. 1ding, Wiss, Janney, Elstner Associates, San Francisco
(See file App 111 L.pdf)



M. Protection of Steel Structures Against Blast, Impact and Ensuing Fires
Abolhassan Astaneh, Department of Civil and Environmental Engineering
Unversity of California, Berkeley CA

Protection of Steel Structures Against
Impact, Explosion and Ensuing Fire

By
Abaifamas

Dadvanidty af Califo

ncage of “extr event” attacks and firez, the main
goal of protection ig life safety by preserving

Applies concentrated dynamic force to egress roules and prewverting Collapse

the building.

Depencling on dynamic interaction of the A building can collapse due to:

building with impacting object, dynamic

forces will be generated throughout the a Initial damage to

building and its structure. its structure,

Such dynamic forces can Cause senous

damage at local and global level to ) "

structural, non-structural and Deterioration caused

by

Effects of Impact on the Builldings

Effects of Impact and Ensuing

Fire on the Structure
Abolhassan Astaneh-Asl, Ph.D,P.E
Erik Madsen and Roger Jung

Local and Global Dﬁﬁ]aﬁt‘- to Structure D B ivill 7 anmantal Frnginaaring

miia, Berkelsy

Initial Damage o Systems

Progressive Collapse Due to Deteriaration
in Strength or Stability of Gravity Load
Carmying System Caused by




Floor Deformation, Test-1

Specimen

Columm had 118

Analytical Model of Specimen

- T
| \:\.‘. l_..i'"'lll'"ﬂ.lclllm
g s :_;f}
_—
_— \}"'ﬂhm'l 10 -"E:f
o b ) B SR Usrlicsl Dhagd scamart

SN B B = of 204 indvaa
lan gl - e abhs be beom

Research Needs

Research Data on Fire-Resistance of
Light Weight and High Strength

Concrete 1s Needed




Connect ions

in Steel and
Composite Structures at
Elevated Temperatures:

fara roliable cdate @ad hatter prodiotion models are weeesied

in 5teel and
Composite Structures at
Elevated Temperatures:

Mara raliabla date and hattar predictron models are meaded

can be very useful.

in Steel and
Composite Structures at
Elevated TenpﬂratHggs:

fara roliable cdate @ad hatter prodiotion models are weeesied

Cornscles 1o
Sluxl Fluba

Mora roliable date asd hatter prediction models are readed




Seismic Studies of an Innovative and Tra
Composite Shear Walls Omgoimg Cyclic Tests of Composite Shear Walls
1k il A et irdi- B |

hZm

Specimen

R
Reattom
Elncik

Componenis of Compasite
Shear Wall

Adien of w mosstive wd Tred ool Compoots Shew Widls b 4 0

Specimen 2 Prior {

at

Elevated Temperatures:

Cladding Birszed i
g Frame £ Shear
wall

nmart
Frame
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Homhie Reévedreh Neady on Sieel amnd
Composte Struciures Sulxeciad o High
Temperalire

s Lipht Welght Concrete

e Locel Buckling

& Creeralf Buckiing
% Pepformance of Varfons Systems
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N. Structura Fire Modeling: Where is the Frontier Nowadays?
Jean-Marc Franssen, Institute de Mecanique et Genie Civil
University of Liege, BELGIUM

[ i Numerical modelling
Structural Fire Modelling. R 04 g

Whers [s thefrontler nowadays? of building structures under fire
: adays’ :

1 — Temperafures in the compartment > (one
2 — Temperares in the sirucinre

3 — Mechanical hebhavionr

Pacanique de= noklrisux

SAFIR : general presentation

SAFIR : nom linear finite element software

Determination

of the temperature in the strocture; Ts = (x, ¥, 2. T2

of the mechanical response; u = fi’x, ¥, z, loads, Ts)

SAFIR :

seneral presentation 3D temperature distribution - Examples

Tempersainre feld Mechanical model
Keintarced
a0 F.E. == Fimple calculation mode ] | o concrete beam
_ with
IDF.E —-. Beam F.E. (2D or 2D} ' ' a circular hole
' ' in the web
1D E.E. = Shell F.E. (310

Smmple calewlabion model —= Tee FE, (21 or 300}




DlamokD P

FLE: i
wOOEE: Mo
LubhFes 47

R FLST { i W maieEs FLOT
LOATEUN FLOT Hi | 1 i it o FLEWERTE HAT
TEFLRAPIRE PLOT i . | . o TEVPFRATURE FLOT

A bolt through 2 steel plates (1/8 represented) 2 steel heams conmected by cover plates (L'S represented)

21} temperature distribution - Examples oo,

FLL i
e 11
LR S

- e

L4 of a concrete colmmn Steel secdon

i D -SEEA X
L T
wocwn a1

PR
ELERSENTS PLOT

Composite steel concrete beam Ancient prerabricated Mooring system (Fadiation in the cavities)

95



[CETETET [CETETET

& el tube A pte=| tube. filled with concrete

AnINE 3F

Beam finite element Integration on the section
£, A Mt #,TH]

i

Link between the thermal and the
mechanical analysis

."-.

v AT SEme (- 56R)
£
i3
B8, - _.Eim:'-*'l“’a [+ 0]
E=T
- E.] " 5*3
&, = ZEE[:I;:W,JJ, - ET
dml

. NP o= E'ra',[?]].dl

M) - T4




Beam fini ement o

Example / -

of the cohumns

j:?a A composita frame with out-of-plans
~Im

ife elemen Shell finite element

Fxamples

The same alier delormadon

Benchrrark test : hemizspheric dome | 14 modelled)

{elastic calolatian at 207 )
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FLE: (usored
RHES: e
EEAVE 171
TRLEEES. &
SHELLS I

ELEMENFS FLOT
ISP ACEMENT PLGT

TRiE: 9 580

huckling




U section in bending

elastic ]

[risplacs

Gl
L et ol
i

Structural Fire Modelling Structural Fire Modelling

YWhat are the limits we acing today? YWhat are the limits we acing today?




Structural Fire Modelling
YWhat are the limits we cing tods

1. Thermal properiies of materials

4T, Structural Fire Modelling
YWhat are the limits we acing today?
Two zone model ] :
B X Thermmal properiies of materials
__f__,.-*-" \-""“-u._ Iateraction hetween the oas and the structure in case of locs
Catisd i okl v =
LR,
ot
O T =T

TL 400

Structural Fire Modelling <P
B ! . Fd 1
YWhat are the limits we are facing today? = i
1 sections
IJ.-I:I.':'I: JLI-!] pr IJ|.|EI:|.i.Eb I.II {10. 4
Interaction hetween the oas the structure in case of localised fAres

I:I]I.E In cancrebe

ersistic st

perti

Drehomdime




Structural Fire Modell
What are the limits we
1. Thermal properties of materials

the strurture in case of localised fives

Steel frame - discretisation

1 FiEren
MR G P e
e T
TREZES ]
'|| ' f \ L

Steel frame — concentrated loads

FUEMENESFLAT
i e Ll

(e LTk

LEC R
i o Rl
BN LA e
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Lcrete
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1 P FiCreEn
\ | AR MR G
L
WEEES
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Steel frame — distribated loads

AL WP
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Lﬁ—u 1 afy =

: — dlisplacements afitcr 4 mimoies
The simulation cannal 2o beyond 4 minmes

L L 1
izt BAE T FL

| s mor
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Maodified steel frame (no diagonal) - discretisation
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Steel frame — bending moment at 20°C Meodified steel frame — bending moment at 20°C
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Eestraint concrete heam
of the response for different resiraint levels

CLAGHD aF

oAl aF

LT
NERE B
B T
THIEZES 3
s ¢

FAEFTaD
MR B
BEA B
TRREES 1
ELTeS

EIRMLNIS LT
e B L
BNt Upa
AL IR LT

FLEMCAPS FLT
Al PR P

ThE T

FLEM NP FLATD
kLl b T FLAE

T R e

Muodified steel frame — displacements after 27 min.

| Wk

e e

RIS R
| nmm FoRcmEn

WILLS PLET

ELE HEATS FLOT

e BN BOF LT

DA TR N TER LD bR ST
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FLE. bz
MEDES 46
ELEMENTE: 364

CONTOUR FLOT
TEMPERATURE PLOT

in the sect




Dis placement fim]

46 b & A &0 «B8 x B W HE

R eatrai e heam
Evelwtinn of the vert, displ, faor- differsnd rectradng levels
The program steps hefore enering e fensiom

2000 mim

P =100 kN
=20

fr= 345 MPa

A3 mm

Dzt = 114.5 rnrm
L= = & Fmim

Fig. 10, Skactuce snth local faluce

Academic case.
The inelined

E=2100000MF2  stanchion is heated.

Teripadabing ntha danahion B0

Solution by SAFIR using arc-length

Solution by SAFIR using arc-length

- z
=T e Shuctore with a
£= 240 100 e l:qmplex Toad
- dizsplacement path

L]

Fie: 7. Struchire wih £ cothplex bibsviou
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Structural Fire Modell
What » the limits we are facing tod

FITRENTS P T

en the pas and the sructors in case of logali

PLR
s of Bermoolli hypetheses im the bheam F.E
Local andf/or temporary negative stiffness

Indusirial bailding: one frame + purling representesd

WROETD BIF PLOT
| DISFLACERAINT FLD

FLERTINTS P ooT
| WROSED W PLOT

| TN B e

Elongation of the purlins: free or Mxed?

Structural Fire Modelling TRANIIST 2

What are the limits we ing today? sl FILE AT
= o worme
. | neati o
Thermal properties of maverials & =r.."sls.-'l*:5?ﬂ

@ genctmre im case of lnc

e FLEWEHTS BT
ling in cencrete

quences of Ber

upported beam (disy
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L% this Ik noty

DRI ¥F

FLE LATBCOLD
BMEL NE

Sunply suppoerted beam (displacements x 1) vianply supportcd heam (displacements x 1)

Is this lure or mot? Is this lure or not?
RN P CHAMII P

FLE LATEOM D FLE LATBCOLD
W et Lt )
[ Bk T
THISZES: 0 o8 : - TRUSEES:0

BHELEE & BH ELSd, M

ELEREHTS H1 0 x FLEENTS 0%
DEF LACTE &S #

TIVE: 15,13 a0

Sunply pried b (displacements x 1) Sanply supporied be displacements x 1)

Is this Tailure or not? e

AT FLE LATEETD
RN P il oS e
FLE LATECOLD ! e

FLEWEWTS FLOT
DEF LACTE &S #

Sunply supported beam (displacements x 1) Sunply supported beam (displacements x 1)
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Structural Fire Modelling DIAMND %P
Fills: panbiuas’

What are the limits we cing today? PO 104

= : (2= )
* e it
- L . - '|' : UP S0
T hermal properties of marerials J T
i + L ELLMEHTS ML

hetween the g HENSER BOF FLGA

v eonditio
Drefinition of failuve in case of very large displacements

e under a localized fire

RACE STORAGE $YSTEM
SUSPPORTS THE ENVELOFP OF
THE BUILDANG

TRAVHYDED

AI'IIII.EI'L'I ir Frﬂ.ll!

This strucinre is hnge.
numericaly speaking

structure is large geometricaly,

but not numericaly speaking

Clonclusions Conclusions
I'he frontiers are:

] = [* - i £ '.11 i o S ! | )
For understanding and designing structures Spalling in concrete

submitted to fire, numerical modelling
that are unique.

Concrete propertics

Local or temporary Failores

Very large strucinres

Very large displacements

Boundary condition:s

Interface with envire 1 localised lires

Ressources (money, time, people, ...
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O. Fire Resistance and Performance Prediction: Structural Analysis I ssues and Research
Needs
James Ricles, Department of Civil and Environmental Engineering
Lehigh University, Bethlehem PA
(seefile App I11 O.pdf)
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P. Parallels Between Performance-based Engineering for Fire and Earthquake Hazards
Greg Deierlein, Department of Civil and Environmental Engineering
Stanford University, Stanford CA

Parallels Between Performance-
Based Engmeering for Fire and
Earthquake Hazards

Greg Deerlein
Sinford Universtly & PEER

MIET - Razearch Maeds for Fire Resislance
D=teminaiion and Pedomarce Frediclian
Feb. 193-30, 2002 =

Traditional Earthquake Engrg. Approach

Final Draft ICC Performance Code (LOC 2000,

Ohjective: To Nt the mpact of & Bre event oo the baldiog, ite
acpupante, precesese and ves; and to Limit the opact of an
exposing fire oo buldings, adjacent propertics and procesees.

PERBORAACE R
1 | m ™
ELI';'I tEVERE | sEJERE MEBERATE
-:T::I 1FVERE WORBRATE|  miLm
Mwm:hﬂ MODERATE ML WiLD
|E:::1| MOPERATE | LiLE WLE HiLE

FEMA 2737356 Performance Assessment

Linear anddysis modal

Simplified design basa
shaar

Prasciptiva datails
Uncerain oucomes

Crweners informed of code
corrform ance, but nol
busldire perfomsnce

‘ery farg Bvents
Q%‘Sﬂylﬂ
Rare everls =
(107G 0y =]

Dccasionsl ewants g

%S0y r]

Fraquani avents &
[0S yre]

Lateral Deformsaion

Red KO HambHmer

More Explicit Performance Assessment

Key Attributes of Performance Based Approaches

Deatagpe Colkapen

Setemic b Threshak
Hazand
Intemnesity
Comprehensae Damage
S SR
a
>
Performanca
Measune
a o it L % ralace, oot
ool AL a0 35 | . roageaigraie
T
0 - A 18 Donmanitirroe, o ave
Part VA fcires

+ More Scientific & Transparent

+ Address Stakeholder Decigion MNeeds
— multi-level decizion-oriented performance
ohjectives
= Consistent trestment of risk and uncertainties
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PBEE Methodology Components

PBEE — Probability Framework Equation

nan-struciural

companents

T

L cantants

» Diecision Variahle
2 T, denaratime, T seafbty)
*

+Damage Measure h
frarziicn aizeasment,

RACFRMT R rapmirs)

Structure &

.T.
+Engre Demand Ps.m*l:n.-
vyt acreleration)

foundations

1..
* Tutensity Ifeasure h
% S duratico )

v[ 5t} = [[J 0w | Dar)| doy DA | EDF )| A EDF |3 )] dlei)

At Performance (Lossh Maodels and Simustion Hazaid

I - Intensity Measuce

Hazard Intensity Measure (IM)

IM (o EDP via “Incremented Dynamic Analysis™

Hrl: H. Hrasirdar

Current Practice: Spectral Acceleration 8, (T))

wu

TSGS Hazard Curves SR
e (g i .~.-...
Lkl ook Topoore jogore e oo o= 1
Presusaunic Blgpotoets Precioers |06 "":é"_g— m
= ¥y
sl B e higs 34T = (R Taell ) - BT

s - W |
ey

Static Analysis: 7= 8 (1)
[rymamic Analysiz: scale records to 2T /7

16T Hazard curve EDF £ mas Mersmry deifty
{amsmual fireq . of enreed ames)

hozpp (¥) = [P[EDP 2 y|IM = x]| dpg (x) |

EDP Hazard Curve (Interstory Drift)

Damage Measures

in F : T H
.. Maan Annal Probabilify hat Driet» X |

o2 0ozs

Average of Modmon Story Drifts, 8

Baf: W Eravinder

* EDP [ Physical Condition [, Consequences
* Physical Condition

— eracking spalling, rebar bockling, ...

— eomprnent failure, ipping, ...
+ Consequences

— repair measures (mivor to maj or replacement)

— lifie safety issmex (o.m, chemical velease, falling hazards, st )
— Mume donality (e.g., bridge alignment)
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Damage Measure of Structural Components

DM of MNonstructural Components

Fragility Functisns
EDP g

D

Pof: E Firech

Fragility Funetions
ELP ‘- Damage
PRYEDRF|

E _.-"'
¥ X -"I :

h s

Gy il b e D T LU e

N EnEe b
D] Pl WL PR

ot
R 4 T
I A

romdr
[ e ]

: iun:m iy 2

T, T A, T T B )

I O LI] 0} Ll n
EDF mieritiy Dl Fa o)

&PEER

Performance Aszessment & Decision Making

OpenSees — [ntegrated Simulation Platform

Damage to Decision Varlables:

Casuafly Ralbes Fisk of ey} 3
ract 5§ 05 (Repars & Comtant [ nis) Gindaly | O

Schedde [ Oowmime [ indvectioss

Dacigion Frocass:

Economic Modaling (e o, Benel-Cest Analysis)

S0 ciels — PolCal EXpaciniong amd ConsFarmts

Rigi LERapamant sk sermion, IRsIraca v, miigado, )
Fhaclion A (IR &2 cilty, e i R, e ivatorg) QPEH

@, Fawena UCH

TamE T i,
. Wisualizadion,
il computation

PBFE Methodology Components

Fire Performance Simulation

PR ey .
(8o dawncin, -firy
T
sDamage Meanze
fromadifion assesamert,
AesezsaTy ramira)

f.
* Engrg. Demand Pasam.
[remperagds f, defections )

T
= Intensity Meaturs
iFire Load ¥ Coogpar foaiat

Tapgp erstura ? dfcdeval
Tartiparoctume
Quesiton; Wha is the mathedoi gy geared tovand - fire modeadarn
stnachwrs enginager, Mechanizal seginesr ?

Fire Seenario & Time History Analysis

- cormpartimnd fire ouree §Temg & Time)
- Sl d iaributbon (spreading
- lemperaiurs of straciural nemnbers.

L LT

Quasthon; Howto desciba aach scenavo? How many soenanins?
Hiowt sevara ?
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Intensity Measure?

* Fire Load, Ignition, Growth ParametersT

— Fuel load, ventilatom, compartment size, .
* Compartment Temperabare (Tire curve)?
* Steel Temperature 7

P o -t e ek

b o e & i Trmmatie ek

-

& ™,
i'm-"l .

= AN i

P

Engineering Demand Parameters?

+ (Hobal Deflections (sag, diift, ..}

* Local Deformations (hinge rotations, strains,. )

+ Compowent Forces

+ “Hidden” effects (residual stresess, los of mmterial mte grats, ete.)

EEE Weburits, 2001

Structural Simulation (IM to EDFP)

+ Material and Geometric NL Response
— member and frame stability
+ Temperature Loading Input
— temnporal and spatial
* Temperature Effects
— thermal expansion
— material degradation (F¥, E, other ...}

Quesiior: How fathfully car [rwst?) glabst apeieds ol oo alized
degradation [membars, conbections, compasite action )

Damage Measures

« Safety - Collapse or Partial Collapse
* Repair — member distortion, out of plumb, deck
debonding, other loss in strength/stiffhess

ST Drrmertyabive: of Bendmais Ploars & Fo, 1991

[Decision Variables

Tssues and Meeds

+ Casualties {injury or death)
— budlding inhabitatts
— efmergency responiders
= Repair Costs
- contents, nonstructural, structural
— cotrelations (waterszmoke demage, burning, collapse)
= Downtime (repair time)
By fesape: sk dokeranc e [Saftfauais versus fig)
Isswes: Miamam pecteciion soa banslis of gber pefommens e iswels

+ Comprehensive Methodology
— contistency with ether hapards (parthqnake, srind, )
— consistent with :uo]':i:ng code pml.risions f:.g i stabi]ity'fl
+ Probahilistic Fire Hazard Assessment
— of scenarie Owerst case) fre?
+ Codification of Acceptance Criteria
- ezphcit Decsion Vanables Ceasualts, E. dewnbtime rates)
- camponent strength checks Cealibrated)
— engvival duration
= Stuchwal Simulation Toaols

+ Validation (leb tests and field reconnaizsance)
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Q. A Consultant's Wish List for aNumerical Model of Structural Response to Fire Conditions
Barbara Lane, Arup Fire
London, UK

A wish list of Hems to develop a i
numerical model for structural Overview

response to fire condiions - a = The current status - a need to establish
consulant’s view agreed concems?

Barbara Lane PhD

ArunFite # Components for a numerical model of

structural response ta fire conditions -
status of current models

= The wish list...

Agreed? Agreed?
Concerns with the Standard Test Mechanical response not addressed

“ Temmperabers S time latlonship net the same ag real fire bebavion = Single elements tested
: * In general single slements “analyzed”
+ Sa real frame behavior ignorad
¥ For exam #
# nf restrainad thermal expansion
# Lo fransber throw inns In conler vlaments

= Slah actinn i ] l.".'11'1|-!u_ A alk nIncreass
im overall strangih of com mas in fire

¥ But what about other assemblies - nen Cardington
frames?

element analyeiz cannot capture these responses
= the caza?

¥ Current FE modeling techniques just beginning to
) ponses - but not part of
2gign work

Advanced Calculation Models
¥|n Europe principles laid out in, for example: Summary of Advanced Method

=Eurocode 3 Part 1.2 Structural fire design 1. Thermal Action/Design Fire

»ZiB WO14 Rational Fire Safety Engineering Approach Do we:
to Fire Resiglance in Buildings

LS A:

# 3ubject of AISC work, ASCEISTPE work, new NIST =
program of wWork real fire data

Create new standard fire resistance test?

Use temperature 4ime relationships from

Information reguired: Usge Matural/Real fire calculation: fir*.-_ load,
ventilation, boundary properties etc?
Reference document for consultants, authorities

having jurisdiction et e PR A TR
1 g ] -~
Stating design objectives, means of achisving

accaptable resulls Clear guidance on design basis fires

ARLIP
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Summary of Advanced Method
2. Thermal Responze

Uszing defined design fire, calculate heat transfer ta
structural elements

RasLlts in 2 temperature fiald in each structural slament
Information required:
Have existing heat transfeér models been assessed?

Do we need new heat transfer model for current
construction materials?

To w-‘ml’ detail do we need a temperature profile along the
1 i thira Ul;]h the cross-eection of sach structural
glementy

How do we assess protecled structural elements?

Summary of Advanced Method
3. Mechanical Responze, a3 a result of design fire

Information required:

What model captures these effects for all
construction azzemblies?

|s there a means of carrying cut a single elemeant
analysis that summarises thase affacts?

Can these models be & ranqlnrrd into simple tables
for mainstream design?

How can we Incorporate the new understanding
and future understanding into existing building
codes?

Status of current models
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Summary of Advanced Method
3. Mechanical Response, a3 a result of design fire
Structural elements losing strength and stiffness

Restraint to thermal expansion produces
compression forces

Higher restraint leads to greater deflections
Through depth thermal gradientis imposing
curvature (bowing)

Combinations of thermal expansion, bowing and
restraint cenditicns can produce large range of
deflection and internal force patterns

Existing Numerical Models

It iz not simple

Intensive work for 10 yezars in Eurcpe only
starting to make progress now

Essential to build en this work rather than
start again

Mat in Format at this time that i ugelul in a
design office

Status of current models




This wish list, ..

Status of current models

prnciples
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R. Summary of Red Breakout Session

Priority List

Communimting betw e disciplines/AH] s
Catalogue of dedgn fres

Drata from full-scale validation fires
Review of predictive tasls

Fire, structussl, matorizal ooode s

Test method xand datsha w= of materisl propecties st el bed
tomp mrabur e
fire redstive materials and stoctural materials

Avsparnble steering coroanittee - performance, economde benediis
Axpamhlethemed development teams

Iodel for structurml respons: to fire

Transer respomsihility far fire proofing from archit ect to
FPEPE:

Limitations/research needed

fulltisme pasitams at HIST

el weaiing sounger deslaneca wic
Infp te AH.J, shructeral sngineers sic
pubiliskisg now amd fistere worl

deyelnpreni feam - e madelers, riruchurall engines s, comp winr
BeinatiTe anl maerisl seinises

siesring cammitles 0 define goals and shjscines
B bewtale
Chrify whal we knaw

st off dhermal physical proprrtine

standardized 55 o achizve these

Inifor ma i on durabilily and pelkbilily

What malsie nanee b peeded fo achieve @ glves level of veliabdbiy
Urnp o 1 of ma riaks on fine gal eny inenmen

understand techniral hasic hehimd ciorve Bt rescrtp toe re guire mens
Dl dietal el wa tham sysinm

conceeie [H

Limitations/tesearch needed

Installation
assess effects of materlal vadabillty on installed
performance

Tegt metha ds
lack of understanding of science umlerlying existing
methods and wse of data deviyed
Extrapolatinns af single slement test to complex assomblies

IMMany current test metho ds not well suited o collecting
wseful data

new fire texts addrossing the gaps
using existing tests and currant data essantial

Limitations/research needs

Predictive tools

over reliance onempirical data, lack of scientific
basiz

integration of gas phase models with structural
rmodels

state of the art review and summary of existing tools

develop public sector models for prediction of
raterial propertias

full seale fully instrumented validation tests with
interaction betwesn modellars and experimentalists

Research needs
Predicti i
Review fluidistructure interaction madels within AND
sutside fire aom munity
Drefime a design fire
Drevelap first stage prototype simulation methedelagy
Jelning 3 selacted specific cholse of edisting seftware For.
fire samulataon
Thesr mal ImBchamical properies
stmuctural rasponse
el walldation and erfanmance: leas
naad practical predictive tools for pregressive cellapse in
fire (based an existing modals#)

extend capabilities of current CFD models to betier
address flashever conditions

Limitations/research needs

Maintenance and Inspectian

formal inapection and maintenance
procedure for passive fire protection
systems - pricr {0 occupancy and
throughout service |ife

explore potential for smart buildings

need infermation on time dependent
degradation of passive systems




Funding/collaboration

Primary need Tor Governrment Dooding
results need to be public not favor a particular
industry/business

Sweat equity from husiness/imdustry through

Profitrade

Laobhying congress

Agsociations
Architects
AL
Insurance groupsl
TEuropeans Bt TS rrust take the lead
FEMA, Fire Service
AFCEAIRC, ASME, SEFPE Trade groups, ALA
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S. Summary of Blue Breakout Session

End Products Predictive/Design Tools
such as

Validated Enginesring T«
Design Framework for new construction
Design for retrofitting existing construction

= Bottom ling, need to establish and define need

Education of engineers, designers
based approach

(Make them work together)
: —

Uncertainty/Reliability Predictive Tools, cont.

urcertainty is a
of response to the uncertainty
— Depends on objective
= Development of a sta
for uncertainty quantification and analysis

echniques
= |ntegration of fire mitigation strategies

—

Predictive Tools, cont.

tructure — Structural Matenals

« Heating of the &
Thar nica pr & funetion of
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Predictive Tools

=heed knowladge to develop a simplified
medel; this then needs to be validated

=heed to know v to apply the "fire load" as a
load combination te the entire structure.

- Need to define design limit states (i.e.
objectives of design)

—

Experimental Studies

Establish methods for validation

Develop improved fire meas

) at 1t
luate use of exi TN standard for fire

rmodel validation

Develop standardized test methods for material

property determination

Develop standardized test methods for structural

components such as connections.

—

Other Objectives

* De erformance criteria for insukating
material
— In service issues including impact
— Maintenance and inspection over the life of
the structure
armance criteria for structural
erials, products and s Ems

—

Validation

* Round Rabin testing of models and
experiments including material
Measur te




T. Summary of Green Breakout Session

Model

Experiment

Applications

* Needs

s Fire exposure

s Thermal response

« Structural response

» Mitigation strategies
= Redundency

s Prevention
» DEsign with fire safety i rind

» Communications
» Ergireers
» Concultarts
« Ragulators

* Fire exposure

« Instrurmentation of real fires to obtain better
& Fugl load characterization
s Jmpact of goadal dsrbuton
« femperabure/oiygen histories
o Heat flux
» Products of combustion
= Full oycle theating and cooling) data

» Model behavior of non-structural elements

* Structural response

» Deflections and stresses

= Connections

m Fire proofing materials

» Heating and cooling cycles

s Coupling fire and structural models
= Zone with frame models

Thermal response

= Material properties, particularly of slabs
» Data base of exdsting properties

= Dehydration and cracking need to be
understood

= Impact of fireproofing materials

= Improved high temperaturs
performance fdata
= Mecfication of H5C (polymer mchusion)
» Composite

= Hysteresis (Short-Hot vs Long-Coal)

Multiple level of models

Couple modak with experimants
valdation of rodel:
dacign of eperimen & /meaaremants
widek of furdssnental proparies
Computational chematry, molkeodar dynamics, crack
davelopment
Wodek of pyrolyis bahavior
Impact of =posure hetory
Froduct distribution: heatg content, environimental imgeact
Modek of Behavior under prescribed Emperae e/ orgen Figiores
Tore madels
Meed O rodel nor-losdng folazing) a3 well &5 load+earning
Detailad CFDFintes abmant modek




Validation/Measurements

»  Furdanivded jrapeiis
s Parimulats effect of bemporature
o Constume prpenies af sl Gronme
»  Sirgls dsp sapsrmanta
= Igritian, Firen press
- Wukipk s apeirens:
» Camerfime
s Fluh cwer
«  Tkimd 1ees
« Endogee oems
o Puiding frea
= Dvoper bt mmmesianion o capnen 50 atid and rempo sl s pec of Reas
» Haronsurd compoenia, 8.4, glang behaser
s Loed demes and defection
» Hual randar thmwgh semsdiam
s Realwrkd
& Charamedee resl wond b kings Frire o Bre peeapecines
s Damnment dets from scodsrisl Rrec

Performance Objectives

» Performance prediction
o Tesh condibions vers s real world

s Temperabure time curves
= Fealwiorid has dmerslmahrr, wiiich has Irrpn'taﬁt

Implication that datermines the responsa
8.0 pLmE | Npactng on the cefing has rof ceoorma ket

corvection ahd radiatian; prableme of flch ey impact af
A avalabiliny

= Mepd to frarelste Bt resilt no realworld siuatioes

Ity of frs walls maiar Factor

Fire test data reed o be Leecito wabdats modes

There b need of data on mone comples snctiees

FMzed to hawe data fom smal, to ke mediate, to ful scas
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