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1.

Introduction

In August 2008, NIST issued their report on the Structural Fire Response and
Collapse Sequence of World Trade Center Building 7, for Public Comment.

This brief report contains feedback from the Council on Tall Buildings and
Urban Habitat on the NIST report. The Council’s key interest in the NIST
study is an understanding of the collapse sequence and one of NIST's key
objectives, which was to "identify, as specifically as possible, areas in the
current building and fire codes, standards and practices that warrant revision.”

The Council believes that the NIST report is a responsible attempt to find the
cause of the failure, and finds that the report has investigated many of the
probable causes. The Council has several technical questions about details of
the modeling; but we would not expect that to change the conclusions: that
the floor beams failed due to fire, which led to buckling of the internal columns
resulting in global failure.

However, the Council feels that the report does not adequately investigate the
implications that this failure has on the design practice for tall buildings, as
per Objective No. 4 in the NIST report. Although the NIST report clearly
identifies factors that could have mitigated the structural response (Chapter
14.6), it does not investigate how effectively changes to design practices
could have improved performance.

The NIST report recommends that in the future, buildings should be designed
so that they do not collapse, even in an extreme fire, and even if the sprinkler
system fails or is overwhelmed by the fire. The approach recommended by
NIST is essentially a performance-based approach which explicitly checks the
performance of structure in fire. This approach is becoming commonplace for
some buildings which are considered special due to their extreme height or
complex design. However, such an approach is less common for more typical
high-rise buildings.

The Council supports the use of Performance-Based Design (PBD) for tall
buildings. However, within the industry there is a lack of knowledge and
consensus about how PBD should be implemented and there is a need for
the industry to share knowledge and develop an understanding. The Council
does encourage NIST to set an example in this respect and hypothesize a
performance-based approach to WTC 7 and identify what specific structural
changes would have made this building perform to an “acceptable” level.

There is a common premise that in order to achieve the necessary level of fire
resistance, every structural element must equally conform to the minimum fire
protection requirements. This is a convention that is not necessarily required
by building codes, which only ask that the fire resistance be achieved, and do
not specify exactly how this is done. Many PBD studies have demonstrated
that varying the fire protection regime across the structural elements of a
building can enhance the performance in fire, without additional cost, and
often at a reduced cost.



The Council does not agree with the NIST statement that the failure was a
result of the buckling of Column 79. We believe that the failure was a result of
the collapse of the floor structure that led to loss of lateral restraint and
subsequent buckling of internal columns.

The Council would like to make it clear that it sees no credibility whatsoever in
the 911 ‘truth movement’ and we believe, with the vast majority of tall building
professionals, that all the failures at the WTC (WTC 1, 2, 5, 6 and 7) were a
direct or indirect result of the planes that were flown into the two towers. We
have carefully looked at the evidence that the 911 ‘truth movement’ presents
and we cannot see any credible scientific evidence of a controlled demolition
on WTC 7 or any of the other WTC buildings. The Council considers that the
‘truth movement' is a distraction and should not obfuscate the performance
issues which should be at the center of the debate about how best to continue
to improve and develop fire and life safety in tall buildings.

. Background

The National Institute of Science and Technology (NIST) issued its draft
report on the fire and collapse of World Trade Center 7 in August 2007, and
was issued for public comment. Our report contains the formal response by
the CTBUH that has been compiled by the Council’s Fire & Safety Working
Group, led by Simon Lay, Daniel O’Connor, and David Scott.

The Council has solicited technical discussion through an online forum
located at www.ctbuh.org. Tower 7 collapsed as a result of the fire that was
ignited during the 9/11 terrorist attack. The report concludes that the collapse
was solely a result of the fires that started on ten levels following the initial
attack. The failure occurred approximately eight and one-half hours after the
first attack. The collapse of WTC 1 and 2 severed the water mains, reducing
the capacity for suppression by sprinklers and consequently the firefighting
effort was abandoned after the collapses of the twin towers.

NIST notes that the structural failure was caused by the effects of thermal
expansion. Fire engineers are well aware that the effects of thermal
expansion and thermal contraction (during the cooling phase) are often
substantially more significant than the effects of heat reducing the strength of
materials. This understanding needs to extend to architects and engineers
who are involved in the high-rise industry and an introduction to the subject is
described in the paper David Scott presented at the NIST national workshop
on Prevention of Progressive Collapse, July 2002. The paper — “Fire Induced
Progressive Collapse” — authored by Scott, Lane and Gibbons can be found
online and on the CTBUH website.

This CTBUH report contains various technical comments on specific chapters
of the NIST report. However, the primary focus is the NIST recommendations
and the NIST objective — namely, to identify what parts of current practice
need to be reviewed and improved.



The NIST report has identified a series of complex structural effects which led
to the collapse of WTC. The Council believes that these mechanisms can be
adequately understood and predicted using information and design methods
that are available today, even if these are not currently found in many building
codes. The Council considers that fire and structural engineers do have the
capacity to design safe, tall buildings.

. Initiating Event Hypothesis (Chapter 8)

This section summarizes CTBUH comments on Chapter 8 of the NIST report.
Several conclusions drawn in the NIST report on the contribution of structural
components in failure initiation are unexpected and have raised concerns
within the Council. These conclusions involve the role of both shear studs and
local global buckling of the floor beams in failure initiation. The Council
believes that the local connection performance was a significant part of the
global failure and would like to have seen a more explicit analysis of the
connection failure. (See also comment on Chapters 11-13.)

The NIST analysis (p. 353), shows that shear studs and the bolts holding the
primary Column 79 failed before the temperature of the steel reached 200°C.
This implies a fundamental weakness that would be picked up by a
conventional PBD analysis. These temperatures are very low compared to a
fire protection test that assumes that steel loses strength at 550°C.

The failure of shear studs is surprising, and has been modeled in a very
simplistic way, which may overestimate the failure of this element. Prior
studies and real fire cases have not previously identified shear stud failure as
a significant possibility.

Perhaps the temperature regime of the slabs may have impacted on the stud
failure prediction. If the top of the slabs were modeled as being hotter than
the underside of the slabs, that might cause an upward bow, against the
typical downward deflection of the steel deck, adding stress to the shear
studs.

Adequately designed shear studs can play a significant role in the stability of
the structure under fire conditions, and the NIST study should not be taken to
indicate that failure of shear studs is likely, only that this was an assumption
within the model. It is unclear what the effect of a more accurate shear stud
model would have produced in the NIST study, and in the somewhat extreme
case of WTC 7 (given the multiple fire floors) it is unlikely that a significantly
different overall conclusion might be reached. However, in more typical fire
scenarios, shear studs can still provide a significant benefit.

It is difficult to understand why the top bolts of the girder would fail at
connection to Column 79. Such failure would mean the slab had moved
relative to Column 79.

The finite analysis model applied was limited (Fig 8-22), and this may have
restricted the ability of the model to pick up all the local effects around
Column 79.



One important question that should be addressed is “Did NIST review and
evaluate any cooling cycle effects?” If cooling had started after the bolts
connecting to Column 79 had failed, would the connection be stable?

It is surprising to see in-plane buckling of the beam as being a key generation
of the initial failure, since it would be expected that the floors would bend out
of the way on their major axis, combined with a local buckling of the bottom
flange, like those found in the Cardington Fire Tests.

On page 330, NIST states that "the challenge was to determine if a fire-
induced floor system failure could occur in WTC 7 under an ordinary building
contents fire." But we cannot identify where in the report they address this
challenge. The studies of the fire spread, without the initial structural damage,
still assume fire spread on multiple floors, which is, in itself, a consequence of
the initiating terror attack.

The report is rather confusing because the floor analysis is considered in
Sections 8, 11 and 12. It would be better if there was a complete
reconciliation of the analysis models.

. Fire Analysis and Simulations (Chapter 9)

Critical to the implementation of PBD is the establishment of reasonable and
justified criteria on which the performance of a developed design can be
based. This section of the NIST report identifies fire intensities and extents
that are assumed to have existed within WTC 7 prior to its collapse. However,
the Council has found it unclear how these assumed conditions relate to NIST
recommendations for PBD of tall buildings in the future. The Council believes
it is important for NIST to explicitly discern the facets of the WTC 7 study that
it recommends for inclusion in PBD of other structures. Discussed below are
specific assumptions whose applicability to general structural design has
been called into question.

NIST estimated a combustible fuel load of 20kg/m? for open plan office areas
and 32kg/m? for areas with a cubicle layout. Are these the fuel intensities that
NIST would recommend for a PBD and how are these values justified?

The NIST report proposes a very intense fire 250MW under Level 13, the
floor that lasted for 2 hours. Is this a design intensity that NIST would
recommend for offices?

It appears that the fire on Level 12 had passed its peak in the area of Column
79. Is it possible that failure occurred as part of the cooling cycle?

. Structural Heating (Chapter 10)

Why was Floor 7 so hot when there was no floor or fire at Level 6. When
NIST refers to Floor 7 do they mean the floor or the ceiling of the seventh
floor?



After approximately two hours the floor slab temperature reached over 675°C.
What was the distribution of heat through the concrete slab? The temperature
distribution in the slab can often have a significant effect on the floor
performance and the stresses on the shear studs.

In simulations A and B, the floors are subject to critical heat for less than an
hour. Does this imply that the tower floors would have collapsed under a
normal fire if the sprinklers did not work? If NIST is advocating that engineers
analyze building performance as part of the normal design process, then
surely they can answer the challenge they set normal designers. Did their
analysis show that the building would fail under a normal contents fire?

. Structural Analysis and the Cause of Failure
(Chapters 11-13)

In these sections NIST states that the initial failure was caused by the failure
of the floor system, in particular the connections to Column 79, that led to the
column becoming excessively slender and buckling. These statements
contradict the summary section 14.3.4 that identifies the initiating event as the
buckling of Column 79. We strongly believe that the initiating event was the
failure of the floor and the girder connections to the main column and that this
should be documented in Section 14.3.4.

The report does not describe the detail failure mechanism of the girder
connection to Column 79. Since this was critical to the failure we would
expect to see diagrams of it, in its deflected, deformed shape immediately
prior to collapse.

The connections models (e.g., Fig. 11-15) do not appear to reasonably reflect
the important effect that the slab has on the connection performance.

. Summary and Recommendations (Chapter 14)

The report says that improvements to the frame, connections, and long spans
could have mitigated the collapse. The industry needs to understand the main
characteristics of the building which led to the collapse, and needs to
understand the types of details and configurations that create poor
performance, and why.

The fire-induced failure of WTC 5/6 showed designers that short, slotted
holes at the end of stub cantilever primary girder connections work under
dead and live load conditions, but do not work in fire conditions, even if the
beams are properly fire protected. What did the failure of WTC 7 show and
what can be done to make a similar building perform better?

1) If the primary girder had shear studs would the floor have failed?

2) If the girders had fin plates or end plates would the building have
survived?

3) Did the floors fail on the heating or cooling cycle, and theoretically
which was worse?

4) How effective was the slab to tie the floors over the column, and what
were the catenary forces and how effective was the reinforcement?



5) Normal fire codes assume a fire only occurs on one floor and much of
the fire protection design is to stop flame spread between floors. WTC
7 started with fires on 10 floors and the report is vague about whether
this had an impact on the failure.

6) Would the tower have failed if the fire was only at one level? The
report is not clear on this issue.

NIST recommends a Performance-Based Design approach as a general
standard on tall buildings. Can the issues above be verified by a simple
performance-based design check, and if not, then surely NIST should qualify
its recommendation for this approach as a basis for future design.

. Performance Based Design

NIST is suggesting that the building community design all buildings by
modeling fire performance. The implication is that this is not difficult and can
be part of the normal process. The Council requests that NIST take the WTC
7 floor plan, model it in fire and change the design to make it work in a fire,
showing the public what it takes and how easy it would be. In that way
designers could see the type of changes that would need to be incorporated
in the design.

Is it possible that small changes to connections or shear studs could have a
major impact on the performance of the floor?

Normal codes assume that there is a fire on only one floor at a time. Does
NIST recommend that all floors should be considered on fire? Based on the
WTC 7 fire it could be assumed a maximum of 2 floors, but some other fires
have had many floors on fire. What guidance would NIST give?

If we keep on adding up extreme approaches, we could get some extreme
buildings. Is it appropriate to realistically consider the following assumptions
simultaneously:

- The sprinklers do not work

- Fire fighting does not occur, and

- 2,5, 10 levels are on fire simultaneously

- The fire lasts for 7 hours?

The Council agrees with NIST’s support of performance-based design for tall
buildings. Performance-based design can often lead to higher safety levels,
more collapse prevention, and often results in more fire protection in some
areas and less in others.

. NIST Recommendations

The comments in this section refer to several of the NIST recommendations
in Chapter 5, on the Final Report of the Collapse of World Trade Center
Building 7, issued as a Draft for Public Comment.

General Statements

We do not agree that “The intent of current practice, based on prescriptive
standards and codes, is to achieve life safety, not collapse prevention.”
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Traditionally, building codes have prescribed property protection, and
minimizing the loss to the building and its contents is still a major
consideration. Only in the last 50 years has there been more emphasis on
“life safety.” We would suggest that a better wording would be “The intent of
current practice of all building codes is to achieve optimum levels of life safety
and structural integrity.”

Buildings should not collapse in infrequent (worst-case) fires, without
sprinklers

While in principle the Council agrees with “the key premise of NIST’s
recommendations is that buildings should not collapse in infrequent (worst-
case) fires that may occur when active fire protection systems are rendered
ineffective, e.g., when sprinklers do not exist, are not functional, or are
overwhelmed by the fire,” there are several factors that need to be
considered.

From a historical perspective, sprinklers and fire fighting have been incredibly
effective at preventing collapse of tall buildings and preserving life safety. It
should be recognized that WTC 7 was subjected to extreme events of failed
sprinklers, extensive impact damage, no firefighting and simultaneous fires in
ten floors. Is it reasonable to consider that this extreme event be considered a
design case? It would be useful if NIST could document what “performance”
the WTC 7 floor would give under a normal design fire.

We recognize that it is becoming increasingly common for designers of tall or
iconic buildings to design these buildings using a performance-based
approach, and frequently part of the performance requirement will be to
prevent collapse prevention under a full flash-over fire without sprinklers.
However, this is rarely combined with structural impact damage or multiple
level fires.

We do not believe that it is reasonable to require all buildings to perform with
extreme fires without sprinklers. There may be better value solutions for
different building types and forms. For many buildings, duplicate fire risers
and/or back up water supplies may well be an acceptable alternative. We
should also expect that as performance-based design becomes more
common, the lessons learned from it will start to be applied to other buildings.
Once performance-based design becomes an industry norm, we would agree
that it would be appropriate to apply it to all buildings

Increased Structural Integrity to Prevent Progressive Collapse
NIST recommends the development of codes and standards to prevent
progressive collapse of structures of buildings subject to multiple hazards.

There has been an extensive debate about the appropriate level of design of
buildings to mitigate the potential of progressive collapse. It is not possible to
design buildings to withstand all potential combination of all extreme events.
Based on discussions, most of the Council prefers to see a performance-
based design approach for mitigation of progressive collapse.

1"



The Government Services Agency (GSA) has introduced onerous
requirements for progressive collapse mitigation (Progressive Collapse
Analysis and Design Guidelines for New Federal Office Buildings and Major
Renovation Projects, June 2003). It is not clear if these GSA measures,
which are very severe, would have prevented the WTC 7 collapse, since even
the GSA rules do not require consideration of fire conditions.

We do not agree with the NIST comment which links design for progressive
collapse mitigation and the design for fire-induced progressive collapse
mitigation. These issues are quite different and it is misleading to connect
them. Normal progressive collapse design does not consider performance in
fire conditions. Only Performance-Based Fire Design looks at potential
progressive collapse under fire conditions.

Enhanced Fire Endurance of Structures

NIST recommends that all buildings should be enhanced to avoid collapse in
worst-case fires without sprinklers, and are suggesting that a performance-
based design approach would be able to do this.

The Council would like NIST to show the industry what changes to WTC 7
would have resulted in an improved and acceptable performance. This
investigation would help the industry understand what NIST is recommending.
In particular, the Council is interested to see if some simple changes to the
floor structure and detailing could have improved performance considerably,
and from experience on other projects, this is often the case.

NIST has recommended improvement to connections and framing systems to
improve performance and we agree that this issue needs to be better
understood. The Council is of the view that this issue needs to be addressed
in more detail in the NIST report.

If NIST were to improve the design of WTC 7 up to a level that they deemed
acceptable, then such an exercise would be an example to the industry of
what NIST is recommending for future design. If NIST expects the industry to
do this work, it should not be enormously difficult to do.

10. CTBUH Conclusions
The Draft NIST Report on World Trade Center 7 is a comprehensive
assessment of the events that led to its collapse.

The Council does not agree with the NIST statement that the failure was a
result of the buckling of Column 79. We believe that the failure was a result of
the collapse of the floor structure that led to loss of lateral restraint and then
buckling of internal columns. This is an important distinction, as NIST appears
to be seeking improved performance from floors rather than columns.

The Council would like to know if there are any simple changes to the floors
and connections that would have resulted in a better performance than
occurred.

10
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The Council would like to understand how the floors would have performed in
an analysis of a design flash-over fire, without sprinklers. This would correlate
a real failure with a normal performance-based analysis, and help to increase
the understanding of performance-based design procedures.

NIST has suggested some comprehensive changes to the design process
that they recommend for consideration in future codes development. These
changes need considerable work prior to being incorporated in any codes or
standards. However, the Council agrees that performance-based design
methods should be the method of choice for large and complex buildings, and
these methods also allow both typical fire safety and more extreme events to
be studied..

These comments are made by The Council on Tall Buildings and Urban Habit
as part of the NIST public consultation process. The Council hopes that these
comments will assist NIST in improving and developing the draft version of
the report.

11
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INTERNATIONAL
CODE COUNCIY

International Code Council
500 New Jersey Avenue, NW
Sixth Floor

Washingron, DC 20001

tel: §88.jcc.5afe {422.7233)

fax: 202.782.2348
www.iccsafe.org

September 11, 20608

WTC Technical Information Repository
National Institute of Standards and Technology
Stop 8610

Gaithersburg, MD 20899-8619

Attention: Mr. Stephen Cauffman

Subiect: Responses to Request for Public Comments on NICSTAR 1A,
Final Report on the Collapse of World Trade Center Building 7
(August 21, 2008)

Dear Mr. Cauffman:

The International Code Council® (ICC®) submits the attached comments to the National Institute of
Standards and Technology (NIST) on the NIST NICSTAR 1A- Final Report on the Collapse of World
Trade Center Building 7. The ICC would like to commend NIST and its contractors on the quality and
thoroughness of the report. The professionalism exhibited by the report is commendable and
demonstrates to the public the high level of technical expertise and management excellence of NIST and
its public and private sector partners. This expertise is especially important in the evaluation of the
collapse of World Trade Center Building 7, which has been the subject of intense public and media
attention.

The ICC is a 40,000+ member association dedicated to building safety and fire protection. The ICC
mission is to provide the highest quality codes, standards, products, and services for all concerned with
the safety and performance of the built environment. This mission and the activities of the ICC directly
relate to providing a safe physical environment through the adoption of, and implementation of, codes and
standards developed under the auspices of the ICC, and the availability of a robust infrastructure
established by ICC to support those codes and standards. We do want to emphasize that while the
international Code Council sponsors and manages the process for the development of its model codes,
neither the Code Council as an entity, nor its individual staff, write the codes, nor make proposals, or take
positions on proposais to modify them.
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WTC Technical Information Repository
September 11, 2008
Page two

The 13 model codes developed under the auspices of the [CC, with the involvement of all interested and
affected parties, serve as a baseline for the design, construction, operation and maintenance of the
majority of both public and private sector buildings in the U.S. Through the adoption and implementation
of ICC’s codes by Federal agencies such as GSA, Department of Defense, and State Department, and by
svery state that has a statewide code as well as many jurisdictions in those few states still lacking a
statewide code, buildings are safer than ever for occupants and users.

We note as a general point that the report makes reference only to the International Building Code, one of
the 13 model codes. (There is a foctnote reference to the International Performance Code for Buildings
and Facilities, at pg. 65) It is important to note that the vast majority of the local, state, and federal entities
where the ICC codes are enforced have adopted several, if not ail of the International Codes published by
ICC. This fact is especially relevant since many of the recommendations in the report touch directly on
issues addressed by the International Fire Code and the International Performance Code for Buildings and
Facilities. A chart of adoptions of the various codes is attached to this letter for informational purposes

The International Fire Code, International Building Code, International Existing Buildings Code, and 10
other ICC codes contribute to making the built environment safer, both for newly constructed and
renovated buildings as well as for existing buildings, through fire and safety inspections.

We appreciate that NIST has sponsored an effort to participate in and promote code changes consistent
with the earlier WTC reports in the ICC code deveiopment process. NIST issued its final report on WTC
1 and 2 in September 2005. Since then, the ICC has completed two cycles of code development. The
timing of the report was such that approximately 20 code changes were submitted for the 2006/2007
cycle, with code changes due March 24, 2006. This cycle concluded with the 2007 Final Action Hearings
and the publication of the 2007 Supplement. This was followed by-the current code development process,
the 2007/2008 cycle, with approximately 45 code changes submitted by the August 26, 2007, deadline.
Final disposition on these code changes will not occur unti! the 2008 Final Action Hearings, slated for
September 17-23, 2008. Apnroved changes from both cvcles will then be published in the 2009 editions
of the I-Codes, and adopted beginning in 2009 by adopting authorities. The changes relating to the WTC
event would be incorporated into either the IBC or the IFC, depending on the purview of the change.

During these two cycles of code development, the following issues related to the 30 recommendations
reported by NIST have been considered (listed in no specific order):

e  Progressive/structural collapse
Wind tunnel testing
e Structural frame
e Spray on fireproofing — material parameters and inspection parameters
e  Fire exit drilis/evacuation plans
Exit path markings
Exit continuity/transfer corridors
Additional exit stairs for fire fighting
Exit remoteness
¢ Exit enciosure integrity

® © o
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WTC Technical Information Repository
September 11, 2008

Page three
e Qccupant use of elevators for egress
o Fire command center communication systems

Emergency responder communication systems
Fire service use of elevators

Redundancy of sprinkler systems

Burnout

Risk assessment for large and/or iconic buildings
e Stairway communication

e & e e

It is anticipated that ICC will continue to see code change proposals in cycles to come, and we encourage
NIST’s participation in this process. The high level of expertise, solid research and sound technical
reasoning of NIST experts are valued by code development professionals, and lead to better code
provisions when those experts participate in the process. The next code change deadline for proposed
changes is March 24, 20085.

The International Code Council believes that the process being used by NIST to facilitate translating the
results of the NIST investigation into suitabie and enforceable provisions of the ICC International Codes
has worked well. The process has allowed experts with extensive experience and training to advocate
code changes in a process that also involves construction interests, building owners and others with direct
responsibility for the safety of building occupants, and the obligation to manage buildings that meet
tenant needs effectively and competitively.

The attached comments focus on specific areas in the NIST report that are associated with building
regulations, codes, standards and related issues on which ICC feels uniquely qualified to comment. All
comments are in the form requested by NIST, listing the comment, the report number, page, sentence
and/or paragraph and then the reason and suggested revision. In some instances the comments are
editorial in nature or suggest clarifying language. Other comments are more general and we trust they
will be considered in the collaborative and supportive spirit in which they are intended.

One common thread in a number of ICC’s comments is the manner in which the reports refer to building
regulations, codes, model codes, building codes, standards, and similar terms and then also refer to
specific documnents such as the NYC Building Code (NYCBC), the International Building Code, etc.
While NICSTAR 1A does a better job of specifying which code is being commented on than the earlier
reports relating to the WTC buildings, there are still instances where it is not clear what code is being
described, and whether the comiment relates to current circumstances in 2008, or circumstances at the
time of construction of the building in 1987, or with respect to the New York City Building Code
(NYCBC) of 1568.

Another common thread in the document is the referencing of NFPA 5000 as weli as the International
Building Code, as if the two documents are equivalent and equal alternatives. While we appreciate
NIST’s desire to be fair, and to avoid favoring one document over another, the fact is that NFPA 5000 isa
proposed code, not currently adopted by any major jurisdiction in the United States. (See the attached
chart of code adoptions.) There is no reason to make reference to provisions in a document that is at best
prospective, has not been adopted and is therefore rot in use as an enforced code in U.S. jurisdictions.
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WTC Technical Information Repository
September 11, 2008
Page four

To avoid confusion, we have suggested several specific deletions, but would encourage NIST to
reconsider making reference to a code whose relevance is at best hypothetical since it is not currently in
use by any major U.S. jurisdiction.

These reports will be read with interest by the U.S. lay audience as well as a number of technical and non-
technical entities in other countries and for this reason ICC feels it is important to be clear, consistent and
precise when discussing building regulations and associated terms, whether in general or with respect to
specific documents. For this purpose we have suggested two basic acronym and definition additions.

We look forward to providing any and all information NIST may request or require and stand ready to
assist through our relationships with state and local officials and the US building community.

Sincerely,

yr—

David L. Karmol
Vice President, Federal and External Relations

N
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Comments of the International Code Council on NIST NCSTAR 1A, Final Report
on the Collapse of World Trade Center Building 7
September 12, 2868

All comments below are to NCSTAR 1A, and all page references are to the pagination of
that document. The format, as requested by NIST, is the location by page and paragraph
or sentence, the reason for the change, and suggested language.

I. Missing Acronym, pg. xxiii, between IBC and NFPA. Reason: Acronym ICC is not
defined, although it is used in the document in a footnote on page 65.

Suggested language:
“ICC International Code Council”

2. Missing definition, pg xxiii, before NFPA. No definition is provided in the document
for the term “model building code” which is used first at pg 55, Sec. 4.6, second bullet.
This term should be defined so the reader understands how model codes are developed
and how they come to be adopted by local government jurisdictions, with or without
modifications, and then enforced by local building code and fire safety officials.

Suggested language:

“Model building code- a comprehensive regulatory framework document that is
developed and maintained by a standards organization independent of the jurisdiction
responsible for enacting and enforcing the building code. Typically, model building
codes are adopted by states or local jurisdictions as legally enforceable building codes,
often with modifications to meet local conditions and circumstances. Model codes are
generally maintained through an open process, on a regular development cycle, and re-
adopted by the enforcing authority on a periodic basis.”

3. Reference to new technology should be added, pg xxxv, Lettered Paragraph J:
Building Information Modeling (BIM) software allows building documents to be securely
maintained and vpdated in a BIM over the life of the building.

Suggesied language:

At the end of the paragraph, add: “Building documents should be maintained in a
Building Information Modeling system (BIM), and such documents shouid be updated
and maintained in a secure BIM during the building life.”

4. Incorrect comparison, pg. 51, second to last bullet. Comparison between a proposed
code and a code actually in use in 50 states and federal agencies is Inappropriate. The
bullet speaks of stairwell capacity which was not a factor in the loss of WTC 7, nor was it
causative of any injuries or deaths. The report should not be used to compare apparent
differences between a proposed code (NFPA 5000) and a contemporary code used
throughout the country (IBC).

Suggested language:
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Delete: “, but not the 2003 edition of NFPA 5000.”

5. Incorrect comparison, pg. 51, last bullet. Comparison between a proposed code and a
code actually in use in 50 states and federal agencies is inappropriate. The report should
not be used to compare apparent differences between a proposed code (NFPA 50G0) and
a contemporary code used throughout the country (IBC). In addition, the item suggests
that the 2000 edition of the IBC is the current edition. This is incorrect- the current
version is the 2006 edition.

Suggested language:
Revise the final sentence to read: “On some floors the separation of the stairwell doors
was below the remoteness requirements in the IBC, 2006 edition (current).”

6. Insufficient reference, pg 53, first bullet under Sec. 4.5.2. Due to the confusion about
what codes and standards were in use, and/or enforced at the time of construction, this
paragraph should clarify what codes and standards NIST believes the building was
“generally consistent with.”

Suggested language:
At the end of the existing sentence, after the word standards, add: “, in effect at the time
of construction.”

7. Incorrect statement concerning current practice today, page 53, last bullet. Statement
that design did not explicitly evaluate fire effects, which was typical engineering practice
at the time and continues to remain so today, is incorrect.

Suggested language:

Modify sentence io read: “...the design did not explicitly evaluate fire effects, which was
typical engineering practice at the time. Today, the ICC Performance Code for Buildings
and Facilities (ICC-PCBF) addresses this issue. Section 1701.2.7 of the ICC-PCBF
explicitly requires, ‘Facilities shall be arranged, constructed and maintained so as to limit
the impact of a fire on the structural integrity of the facility.” ”

8. Incomplete statement regarding progressive collapse, pg. 55, sec. 4.6, bullet 2.
Statement is that current model codes do not address progressive collapse. There have
been two proposals to the IBC which were recommended for disapproval by the IBC
structural committee at the first hearing of the code development cycle. One was
proposed by the ICC Ad Hoc Committee on Terrorism Resistant Buildings (S5-06/07)
and the other, during the current code development cycle, was proposed by NCSEA Ad
Hoc Joint Industry Committee on Structural Integrity (S101-07/08). Refer to the code
change monographs for more information and reasons for the recommended disapproval.
S101-07/08 has public commments by MMC Comimittee for Translating the NIST World
Trade Center Investigation Recommendations into Building Codes so it will be
considered at the ICC Final Action Hearing in Minneapolis, MN, September 17-23, 2008.
If approved, it would appear in the IBC, 2009 edition.
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9. Misleading language, pg.60, Recommendation C. “NIST recommends evaluating, and
where needed improving, the technical basis for determining appropriate construction
classifications and fire rating requirements, and making related code changes.”

We wish to make clear that ICC staff do not create or develop the technical basis for the
codes. The International Code Council manages an open, transparent and balanced
process that is open to all interested parties to submit proposed changes, as well as any
supporting documentation for such changes. ICC then publishes the resultant code, and
provides technical support to anyone implementing the code.

We invite and encourage proposals to make enhancements to our codes and standards.
Proposed code changes succeed if they are supported by valid technical and experiential
reasons, and effectively address issues such as enforceability, safety and cost-
effectiveness critical to the building sector and regulatory officials responsible for
enforcing the codes.

10. Incorrect reference, pg. 61, Recommendation E. There is a reference to the “2007
Supplement to the International Building Code” For accuracy, the reference should be
made to the specific edition of the IBC that the supplement pertains to, and mention
should be made of the publisher of the supplement, sc the reader can locate or obtain the
document, if desired.

Suggested language:
“2007 Supplement to the 2006 IBC (published by the ICC)”

11. Incomplete reference, pg.62, Recommendation G. The first paragraph recommends
development of standards and codes provisions, without mentioning the ICC
Performance Code for Buildings and Facilities, developed and published by ICC- even
though this code is later mentioned in a fostnote on page 65.

Suggested language:

Add the end of the paragraph, add a new sentence: “The International Code Council
(ICC) publishes the 2006 Performance Code for Buildings and Facilities (PCBF), which
presents regulations based on cutcome rather than prescription. It encourages new design
methods by allowing the designer and contractor to apply broader set of parameters for
meeting the intent of the International Codes. Section 1701.2.7 of the ICC-PCBF
explicitly requires, ‘Facilities shall be arranged, constructed and maintained so as to limit
the impact of a fire on the structural integrity of the facility.””

12. Additional reference recommended, pg.65, Recommendation J. ICC supports the
recommendation that building owners retain documents, and suggests a reference to
Building Information Modeling software as a vehicle for such records retention in a
usable format.

Suggested language: Following the first sentence in the Recommendation, add: “Building
Information Modeling (BIM) software should be utilized to aliow for efficient and secure
storage and retrieval of relevant information relating to buildings, and will facilitate
access by first responders and others who need guick access to relevant information about
the building.”
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13. Additional information, pg 65, Recominendation K. ICC endorses the
recommendation and suggests that NIST refer to the Integrated Project Delivery project
of the American Institute of Architects as part of this recommendation.

Suggested language:

At the end of the Recommendation, add: “The emerging practice of Integrated Project
Delivery, a project of the American Institute of Architects (ALA), is ideally suited to this
suggestion, and can be utilized in conjunction with Building Information Modeling
(BIM) software.”
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NFPA COMMENTS TO NIST ON THE FEDERAL
BUILDING AND FIRE SAFETY INVESTIGATION
OF THE WORLD TRADE CENTER BUILDING 7
INVESTIGATION
SEPTEMBER 15, 2008

INTRODUCTION

NFPA is pleased to present comments to NIST on their comprehensive study of the
World Trade Center (WTC) Building 7 collapse. The level of effort, study, analysis and
examination of the Building 7 collapse was an apparent and obviously complex endeavor
due to the myriad and complex circumstances involved. NIST is commended for also
taking the time to consider, and ultimately discount alternative and unconventional
scenarios such as the controlled demolition theories. The members of the National
Construction Safety Team (NCST), the contributing NIST staff, as well as the private
contractors and consultants are to be applauded for their commitment to this project as
well as the public members of the NCST Federal Advisory Committee for their oversight
of the project.

The previously released NCST reports issued on WTC 1 and 2 in 2005 have served as an
important framework for discussion and change in many of the NFPA codes and
standards in the last 3 years. NFPA was already implementing and considering revisions
to NFPA codes, standards, programs and policies prior to release of the 2005 studies.

In our 2005 comments, we stated that It should be noted, however, that it is not only
possible, but likely, that after a thorough and detailed analysis of some of the NCST
recommendations, there simply may not be enough sufficient detail or compelling
evidence to promulgate a change to a particular code or standard and that statement is
equally applicable to the WTC 7 study. Moving forward, NFPA is making a commitment
to NIST to continue to study, review and evaluate the new recommendations in this latest
study and we continue to evaluate the status of the 30 recommendations from the 2005
study.

The overlap recommendations from the WTC 1 and 2 studies as well as the new
recommendation in the WTC 7 study, while clearly written, still leave open the question
as to what design hazards and scenarios are realistic for building performance. While the
WTC 1 and WTC 2 studies considered a clear combination of severely compromised
structural integrity coupled with a severe fire, the WTC 7 outcome appears to focus on an
atypical and not considered fire event.
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The debate about whether building regulations should address events associated with
normal building hazards (single ignition point assumptions for fire) or more extreme
events such multiple and near simultaneous ignition points will be a main focus before
consensus is reached on the new/primary recommendation and finding addressed in the
WTC 7 study.

The comments contained within this document have been prepared by the staff of NFPA
and have not been reviewed or endorsed by any of the NFPA Technical Committees or
relevant NFPA advisory committees. That process is ongoing and will continue into the
future once the final report is issued.

Our comments have been arranged so as to generally follow the major NCSTAR section
and chapter headings of the report. When possible, our comments will refer to specific
sections of the NIST study to make sure we have correlated our responses to the
recommendations, findings or supplemental information contained within the report. In
most cases, NFPA ‘s comments may be as simple as agreeing with the recommendation or
finding, agreeing with the recommendation or finding in principle or in some cases,
disagreeing with the recommendation or finding. Regardless of our comments on the
report, NFPA plans to fully consider the depth and breadth of the recommendations in
future revision cycles of the relevant NFPA codes and standards, research programs or
public education programs and instruction efforts.

SUMMARY

NFPA ‘s Initial Reactions and Comments

The draft report by NIST on August 18, 2008 is what NFPA believes to be a very
thorough, technical, scientific study of a building loss investigation that is only rivaled by
the WTC 1 and WTC 2 study released in 2005. Additionally, NFPA is pleased to see the
work effort of NIST resulting in positions on many controversial and sometimes,
unpopular subjects. The need to conduct more research in numerous areas is quite clear.
In addition, the need to parse the recommendations that may only be appropriate for a
September 11, 2001 attack (or similar extreme event) versus lower magnitude events that
may have severe consequences is an important distinction.

While NFPA documents —primarily NFPA 101®, Life Safety Code® and NFPA 5000®,
Building Construction and Safety Code® have implemented changes in response to
several of the 30 recommendation from the 2005 study, the new and unique
recommendation for the WTC 7 study is unlikely to be a quick fix or rapid change. In
fact, it is entirely unclear at this point in time if the fire protection engineering and
structural engineering community will be quick to embrace the recommendation to the
extent that NIST may desire. As noted by several comments in the 2005 study, a number
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of the recommendations from NIST were qualitative, somewhat undefined and left open
to interpretation.

How codes and standards organizations, building owners, engineers or architects will
“...evaluate buildings to ensure the adequate fire performance of the structural system.”
will have as many responses as there are buildings. More troubling however, is the
implication that this is not being done now. While the entities that deal with these issues
day in and day out know that this type of evaluation is considered-either through
prescriptive requirements or performance based design analysis- the public at large is
sure to have their confidence in the design community somewhat taken aback by such a
statement-especially when it appears in at least one of the NIST news releases on the
study.

NFPA will, nonetheless, take full advantage of the effort by NIST with the primary
recommendation and subject it to our codes and standards development process as well as
the related program activities that we have at our disposal such as the NFPA Technical
Committee process, the High Rise Building Safety Advisory Committee (HRBSAC) and
The Fire Protection Research Foundation (FPRF) among others. NFPA has committed
its own resources to look at these complex and highly specialized issues over the years
and has had much success in implementing meaningful change.

Following the release of the final WTC 7 report, NFPA staff will:

a. Review the report recommendations to determine the best course of action for
each, within the NFPA codes and standards process or in other research, advisory
committee or education areas within NFPA

b. Determine the status of each recommendation within NFPA ‘s activities (Some
have already been acted on; some are in process; some are not yet developed
where NFPA has a clear position.)

c. Develop a schedule, specifying priorities, for actions on the recommendations

Once the final report is released, the aforementioned and continuing review of the 30
recommendations from the 2005 study and the new recommendation included in the
WTC 7 study will continue to be a focus of NFPA committees and projects. As before,
the practicality or impracticality of the new recommendations and the extent to which the
recommendation is justified or defined, and the best approach to integrate the
recommendation, if feasible, will be considered for inclusion into appropriate design
practice in the coming years.

NFPA COMMENTS ON THE RECOMMENDATIONS

NFPA has addressed the substance of the NIST report in two ways. First, we have laid
out a broad reaction and response to the new recommendation. This section provides
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input and response to NIST and also notes what NFPA committee projects or programs
are likely to be asked to look at the details of the related recommendations.

The second part of our response provides comments directly on several of the NCSTAR
documents. This portion identifies changes that we believe need to be made to clarify,
revise or correct in the final report from NIST. We have elected to not address the other
12 recommendations as our comments from 2005 would be largely unchanged. For
convenience purposes, we have appended our comments from 2005 at the end of our
comments section in Annex A.

NFPA’S INITIAL COMMENTS AND REACTIONS

5.1.2 Recommendation B. NFPA agrees that some, but not necessarily all buildings
should be evaluated to consider failure of one or more built in features or systems under
varying fire conditions. In addition, the effect of certain long term heating/cooling
cycles on structural connections with long span members is an area requiring further
investigation. Fire test protocols are not necessary inadequate as they stand today, but
certainly consideration can be given to allow them to expand into other areas, to provide
other information and to be reconfigured to look at newly introduced pass/fail criteria.
See related comment on Recommendation D.

The reference to worst-case design fires is a wide open suggestion that is very difficult to
define or refine. A conventional structural fire that has simultaneous ignition points on at
least 10 floors is not close to realistic. If that becomes defined as the worst-case fire, and
if you somehow can design for that event, then why not consider simultaneous ignition
on 12 or 15 or 20 stories? If anything, the recommendation needs to consider the
expected or most likely ignition scenario that morphs into a worst case (i.e. uncontrolled)
design fire. That translates to a single ignition point that grows to uncontrolled fire
conditions on a floor with subsequent fire spread to other floors. This is a worst-case and
is the exception to fire performance and outcomes.

A principal finding for Objective 1 says WTC 7 had characteristics that were similar to
other high rise fires. A significant and major difference once again relates back to the
multiple ignitions on multiple floors of the WTC 7 scenario. This was not a circumstance
or characteristic of any of the fires noted and is a very important distinction.  First
Interstate (Los Angeles-1988), Meridian Plaza (Philadelphia-1991), Parque Central
(Caracus-2004) and Windsor Tower (Madrid-2005) would be typically classified as a
worst-case. These fires all involved complete burnout with either no local collapse or
limited local collapse. None of the events resulted in catastrophic global collapse.

If the Building 7 study had shown that a single ignition point coupled with uncontrolled
fire growth, automatic sprinklers not available and subsequent fire spread to upper,
multiple floors would have resulted in local collapse and ultimately catastrophic
progressive or disproportionate collapse-that perhaps would have been a more realistic
concept to consider. It does not appear that this type of analysis was done. This scenario
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is an example of a realistic fire that is worst-case. This does appear to match closely to
the NIST description of Characteristics of Infrequent (Worst-Case) Fire Events.

This approach (also discussed in Recommendation C) allows a situation to be considered
in the context of a single ignition point fire. In fact, Fire Design Scenario No. 8 from
NFPA 5000 considers this exact circumstance:

5.5.2.8* Design Fire Scenario 8. Design Fire Scenario 8, which is a fire originating in ordinary
combustibles in a room or area with each passive or active fire protection system or fire protection feature
independently rendered ineffective, shall address the concern regarding each fire protection system or fire
protection feature, considered individually, being unreliable or becoming unavailable. This scenario shall
not be required to be applied to fire protection systems or fire protection features for which both the level of
reliability and the design performance in the absence of the system or feature are acceptable to the authority
having jurisdiction.

The five bullet points that appear as sub-items as a part of the recommendation could
then be considered in a more realistic manner. In the scenario noted above, related goals
and objectives could be considered and might include:

-Are all occupants able to evacuate safely prior to onset of a local collapse?
-Are all occupants able to evacuate safely prior to onset of a disproportionate collapse?

-What are the property conservation and loss of mission consequences resulting from a
local or disproportionate collapse?

- What are the property conservation and loss of mission consequences resulting from a
local or disproportionate collapse on neighboring structures?

- What are the hazard consequences resulting from a local or disproportionate collapse on
first responders?

This level of flexibility would then allow a designer to select a set of performance goals
and objectives that are typically in excess of what current era codes and standards require
and permit an analysis to be done on the various outcomes. In some cases, an acceptable
solution and outcome may be to provide defensive fire suppression actions only provided
the occupants are all able to evacuate.

While the NIST report accurately notes that the temperature that Column 79 may have
been exposed to what was below the temperature that a thermal failure would have been
expected-as were the structural members for the floor assembly, it should not be inferred
that the fire played no role in the failure of the column. It is conclusive that the fires
caused failure of the floor assemblies —and that the initial failure (local collapse) of floor
13 triggered the collapse of additional weakened floors thus leading to global collapse of
the entire structure. Loss of the floor assemblies due to fire did however have an obvious
impact on the load redistribution of the column-to the point that buckling failure

occurred.
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5.1.2 Recommendation D. NFPA continues to largely be in agreement with this
provision as presented and has initiated and completed a specific action on this
recommendation. The Fire Protection Research Foundation has completed a report in
June 2007 on improving the fire resistance testing of the ASTM E119 test. The report,
Fire Resistance Testing for Performance-based Fire Design of Buildings, presents a
study undertaken by the Foundation to develop the technical basis for changes and
additions to ASTM E119 so that measurements and results can be used in performance-
based design, without compromising the traditional use of the test standard for
prescriptive building code compliance.

The goal of this project was to identify the needed capabilities of a standard fire
resistance test to support Performance-Based Structural Fire Engineering (PBSFE). The
goal of the work was not to alter this prescriptive-based system. Rather, the goal of this
work is to provide a partial basis for a complementary performance-based system for the
provision of structural fire protection. The report provides recommendations to the test
methods of the standard fire resistance test in three different areas: thermal/heat transfer,
structural performance, and test documentation.

Most directly related to the work of the NIST WTC 7 study were the recommendations
for structural performance. The report recommends the following changes to the
standard fire resistance test in regards to structural performance:

e Assembly End Restraint
Place load cells at the assembly end boundaries to record magnitude of thermal
restraining forces throughout test duration: minimum of three cells at one edge of
furnace for the top, center, and bottom of a middle beam or stud of assembly.

e Deflections
Record, as a minimum, the time-history of transverse deflections at mid-span in
all primary structural members (beams, joists, columns, and wall studs) of the
assembly, together with axial shortening of loaded columns and wall studs.

e Strain Gauges
Require high-temperature strain gauges at critical sections (typically ends and/or
mid-span) of main structural members (beams, joists, columns, wall studs) and of
other important load transfer elements (shear studs, metal deck, floor slabs and
reinforcement, and connections).

e Standardized Assembly Load Application
Superimposed loading on all assemblies should only be applied through
mechanical or hydraulically-controlled apparatus.

e Specification of Maximum Superimposed Design Load
The standard should require the maximum assembly design load to be based on
the greater of the design load computed from either allowable stress design or
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limit states-LRFD and the controlling strength failure mode to be used for each
type of assembly construction.

Minimum Assembly Size

Specified minimum sizes of construction assemblies should be as follows: walls
and paritions-100 sq ft with neither dimension less than 9 ft, columns —not less
than 9 ft length, floors/roofs — 180 sq ft, with neither dimension less than 12 ft,
beams — not less than 12 ft-span length. Standards-making bodies should consider
the formation of furnace classes to recognize furnace capabilities larger than the
minimum size.

Size Effects and Experimental Scaling
Employ dimensional scaling principles in the design of the test assembly to
represent the actual construction applications.

Mandatory Fire Testing Under Design Load to Structural Failure

All assembly fire tests should be conducted under maximum design load until an
imminent or actual structural failure limit state is attained, or until an major
integrity breach occurs, irrespective of the assembly‘s other thermal conditions.

Actual Strength of Assembly Structural Materials at Ambient Temperature

Material strength tests should be performed on samples extracted from the
primary structural assembly members to determine their actual mechanical
properties at ambient (including yield and ultimate strength, and elastic modulus).

Determination of Structural Properties at Elevated Temperatures

Material strength tests should be performed on materials used in the primary
structural assembly members to determine their actual mechanical properties at
high temperatures (including yield and ultimate strength, and elastic modulus).

Inclusion of Load Eccentricity for Walls and Columns
Require column and wall tests to be conducted with a minimum d/6 eccentricity
of axial compression load from centerline, where d is the depth of column or wall.

No Hose Stream Test Requirement for Walls and Partitions
Hose stream test procedure and its acceptance criteria for walls and partitions are
no longer required.

Structural Instrumentation Check/Calibration
Prior to initiation of fire test, check/calibrate all of assembly‘s structural
instrumentation (transducers, strain gauges, load cells) under superimposed load.

Fire Protection Research Foundation has taken the initiative to recognize where improvements
and additions are needed in the standard fire resistance test. NFPA strongly agrees that
current practice does not fully address all of the issues that are present in structural fire
performance today and fully supports continued research as recommended by the report.
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This report addresses the recommendations set forth by the NIST WTC 7 report. Please
see Annex B for a copy of the full report (also available for download at www.nfpa.org).
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ANNEX A

NFPA COMMENTS TO NIST

AUGUST 2005

The following are the basic recommendations from NIST and NFPA ‘s initial comment
and reaction to the 8 subject groups and 30 recommendations.

Group 1. Increased Structural Integrity

The standards for estimating the load effects of potential hazards (e.g., progressive collapse,
wind) and the design of structural systems to mitigate the effects of those hazards should be
improved to enhance structural integrity.

Recommendation 1. NIST recommends that: (1) progressive collapse should be prevented in
buildings through the development and nationwide adoption of consensus standards
and code provisions, along with the tools and guidelines needed for their use in
practice; and (2) a standard methodology should be developed—supported by analytical
design tools and practical design guidance—to reliably predict the potential for complex
failures in structural systems subjected to multiple hazards.

NFPA Comment: This recommendation will need further discussion and debate as it
does not stipulate the extent of the multiple hazards to be considered, what load
conditions should be assumed, what percentage of load path members would be assumed
to be unavailable, and on how many floors those members would be missing.

NFPA believes that progressive collapse should be prevented and that it ultimately should
be addressed by building regulations and design methods. However, the concept deserves
further study. A clear delineation between what is defined as progressive collapse versus
disproportionate collapse must be established and plainly defined.

The degree to which progressive collapse can be addressed is dependent upon the
threat/hazard to be considered. Most scenarios would dictate that a progressive collapse
of a building would be initiated by a substantial event such as an explosion rather than the
type of events considered by current codes. The techniques used to protect against
progressive collapse also need to be further analyzed. Mitigation techniques may need to
consider more than just the loss of a single column or load path. Additionally, the impact
of any potential solutions on other design objectives also needs to be thoroughly
considered. This recommendation is of the type that may only be needed to be considered
for select icon or symbolic buildings. Any such collapse scenarios, and their associated
designs would require a comprehensive risk analysis to better identify the threat/hazard to
be protected against. NFPA further believes that the collection of existing data on the

hazard level with respect to progressive collapse is needed, and that other kinds of data
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such as that which shows how many deaths have resulted from disproportionate collapse
also needs to be collected. Policy wise, organizations such as the Structural Engineering
Institute of ASCE and the National Council of Structural Engineering Associations
(NCSEA) should be tasked with development of key guidelines or manuals to address
this concept.

NFPA PROJECTS: Technical Committee on Fundamentals (BLD-FUN); Technical
Committee on Structures and Construction (BLD-STR); Technical Committee on
Building Construction (BLD-BLC).

Recommendation 2. NIST recommends that nationally accepted performance standards
be developed for: (1) conducting wind tunnel testing of prototype structures based on sound
technical methods that result in repeatable and reproducible results among testing
laboratories; and (2) estimating wind loads and their effects on tall buildings for use in
design, based on wind tunnel testing data and directional wind speed data.

NFPA Comment: Comparing state of the practice from 1964 to the tools

available in 2002 does not seem to be a fair judgment. Such tools are available and

have been in use for decades. This recommendation would seem to be asking for
refinement of these tools, but not a mandate to use them. Policy wise, organizations such
as the Structural Engineering Institute of ASCE and the National Council of Structural
Engineering Associations (NCSEA) should be tasked with development of key guidelines
or manuals to address this concept.

NFPA PROJECTS: Technical Committee on Structures and Construction (BLD-STR);
Recommendation 3. NIST recommends that an appropriate criterion should be developed

and implemented to enhance the performance of tall buildings by limiting how much they
sway under lateral load design conditions (e.g., winds and earthquakes).

NFPA Comment: It would appear that the drift limit criteria associated with seismic
design already exists to address this recommendation. Serviceability criteria also would
seem to drive this limitation more than wind or seismic design. There is no immediate
evidence that something is amiss within this area of tall building design. Policy wise,
organizations such as the Structural Engineering Institute of ASCE and the National
Council of Structural Engineering Associations (NCSEA) should be tasked with
development of key guidelines or manuals to address this concept.

NFPA PROJECTS: Technical Committee on Structures and Construction (BLD-STR)
Group 2. Enhanced Fire Resistance of Structures

The procedures and practices used to ensure the fire resistance of structures should be
enhanced by improving the technical basis for construction classifications and fire
resistance ratings, improving the technical basis for standard fire resistance testing
methods, use of the “structural frame” approach to fire resistance ratings, and developing
in-service performance requirements and conformance criteria for spray-applied fire
resistive materials. NFPA COMMENTS
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Recommendation 4. NIST recommends evaluating, and where needed improving, the
technical basis for determining appropriate construction classification and fire rating
requirements (especially for tall buildings greater than 20 stories in height)}—and making
related code changes now as much as possible—by explicitly considering factors including:
* timely access by emergency responders and full evacuation of occupants, or the time
required for burnout without local collapse;

* the extent to which redundancy in active fire protection (sprinkler and standpipe, fire
alarm, and smoke management) systems should be credited for occupant life safety;

* the need for redundancy in fire protection systems that are critical to structural integrity;
* the ability of the structure and local floor systems to withstand a maximum credible fire
scenario without collapse, recognizing that sprinklers could be compromised, not
operational, or non-existent;

* compartmentation requirements (e.g., 12,000 ft’) to protect the structure, including fire
rated doors and automatic enclosures, and limiting air supply (e.g., thermally resistant
window assemblies) to retard fire spread in buildings with large, open floor plans;

* the impact of spaces containing unusually large fuel concentrations for the expected
occupancy of the building; and

* the extent to which fire control systems, including suppression by automatic or manual
means, should be credited as part of the prevention of fire spread.

NFPA Comment: Ideas in this recommendation are continuously under review, scrutiny
and debate-and not just for tall buildings. The fact is, we have had excellent performance
in high-rise building fires when the combination of passive and active features was
present. The recent history of high-rise building fire that included total or near total
burnout of significant parts the structure, including Meridian Plaza (1991); Parque
Central (2004) Windsor Towers (2005) would suggest that we are doing much of this at
present. These buildings sustained long duration fires (18 plus hours) without suffering
global collapse. This recommendation can, and should, be used to determine if such
sustained burnouts are acceptable, and if demolition of the structure after the event is an
acceptable property, financial and economic loss.

NFPA is in general agreement with the recommendation that a more technical basis for
the determination and use of construction classifications be pursued, and notes that NFPA
has and continues to pursue this overall objective through its codes and standards
development process. NFPA understands this comment to mean that NIST has not
indicated that there is a problem with the current system of construction classification but
that the current system should be based on a more technical and scientific basis.

More specifically, NFPA believes that the ultimate successful implementation of this
recommendation is largely dependent upon how some of the other recommendations are
addressed. For example, re-considering the determination of construction type, which is
dependent upon the test method utilized to arrive at a fire resistance rating, cannot be
pursued until the test protocols are evaluated, as suggested by NIST Recommendation #5.
With regard to considering specific factors as identified in the bulleted items of
Recommendation #4, these also cannot be properly addressed until other
recommendations are considered. For instance, the timely evacuation of occupants in

bullet item one would be a function of the potential use of new evacuation means such as
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the use of elevators as noted in recommendation #20. The very complex and
interconnected issues raised by Recommendation #4 are in need of further study.
Performance and reliability of automatic sprinkler systems in Recommendation #12
seems to be called into question, which will impact any changes derived from
Recommendation # 4. Automatic sprinkler performance has been , and continues to be
excellent. A more specific research agenda and procedure in addressing this very
comprehensive recommendation needs to be developed.

With regard to further categorizing tall buildings based upon height, NFPA believes that
this subject deserves more immediate attention and should be specifically addressed
based upon the current construction classification system, and then re-evaluated if a new
approach for construction classification is developed. One suggestion that NFPA will
pursue is to look at a segmentation of high rise building levels and determine if a risk
indexing system may be implemented based upon a certain height category. All NFPA
technical committees responsible for NFPA 101 and NFPA 5000 should provide further
input as any such categorization may be occupancy dependent.

NFPA also notes that the basis for requiring a certain type of construction classification is
a function of the threats/hazards to be protected against. The types of threats/hazards to
be considered by building regulations and building designs need to be better quantified.
NFPA‘s Technical Committee on Fundamentals (BLD-FUN) and NFPA ‘s occupancy
committees could provide further input in this regard.

A small, but important point (the sixth bullet) in this recommendation is crucial and will
require attention as it relates to location and placement of day tanks and routing of the
fuel lines to emergency generators and fire pumps in all structures. NFPA agrees that
consideration must be given to the impact on a building structure due to the presence of
unusually large amounts of hydrocarbon fuel, such as was stored in WTC 7 for the
numerous emergency generators located in WTC 7. Continuous discharge of fuel for
these generator sets may have contributed to the collapse of WTC 7 once one or more of
the fuel lines failed allowing the fuel to be ignited and burn unimpeded.

NFPA requirements for storage of liquid fuel inside a building for the operation of
stationary engine-driven or stationary turbine-driven equipment ( e.g., fire pumps, electric
generators) are contained in Chapters 6, Fuel Supply — Liquid, of NFPA 37-2002,
Standard for the Installation and Use of Stationary Combustion Engines and Gas
Turbines. The requirements are similar but not identical to the requirements in the
Building Code of the City of New York (BCNYC).

Several issues identified in Chapter 12 of NCSTAR 1-1 need to be considered and
studied by NFPA‘s Technical Committee on Internal Combustion Engines, including but
not limited to the following:

- Maximum fuel storage capacity allowed unenclosed, i.e., not in a dedicated
enclosure. This includes so-called base tanks and day tanks.
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- Maximum fuel storage capacity allowed in dedicated fire-rated enclosures and the
required fire resistance of the enclosure walls, floor, and ceiling.

- Need for active fire suppression systems designed for the quantity of fuel present.

- Need for specific protection requirements for fuel piping leading from lower floor
storage tanks to upper floor stationary engines. (NOTE: NFPA 37 simply refers
to NFPA 30-2003, Flammable and Combustible Liquids Code, for piping design
and installation. NFPA 30 does not contain specific requirements that fuel piping
in a building be contained within a dedicated shaft.)

- Need for specific piping system components to shut down fuel supply pumps if a
break in the piping occurs.

NFPA 37 is currently being revised and the next edition is scheduled for publication in
the first Quarter, 2006. The Technical Committee on Internal Combustion Engines will
address these issues during the next document revision cycle.

As with other recommendations, NFPA notes that this recommendation and its associated
bulleted items calls for the greater use and application of risk and hazard analyses for
building design, and that the factors identified by NIST in the recommendation be
considered in these analyses. Many of the tools and data needed to properly conduct this
risk evaluation might not be available at present thus presenting some unique challenges
as this effort moves forward.

NFPA understands that the bulleted items are intended to serve as factors which might or
should be considered in the determination and use of construction types, and that the
bulleted items are not intended to serve as standalone recommendations.

NFPA views these recommendations as long term objectives which will result in a more
technical and scientific basis for building regulations.

NFPA PROJECTS: All Technical Committees responsible for NFPA 101 and NFPA
5000 (BLD-AAC, SAF-AAC) ;Technical Committee on Flammable and Combustible
Liquids (FLC-AAC); Technical Committee on Emergency Power Supplies (EPS-AAA);
Technical Committee on Internal Combustion Engines (INT-AAA).

Recommendation 5. NIST recommends that the technical basis for the century-old
standard for fire resistance testing of components, assemblies, and systems should be
improved through a national effort. Necessary guidance also should be developed for
extrapolating the results of tested assemblies to prototypical building systems.

NFPA Comment: While the test protocols have been used for a very long
time, there is nothing striking or remarkably wrong with the tests. The third bullet
item under Part a. has been a focal point of the AISC Fire Engineering Committee

since May of 2001. In other cases, thepead fufaluate construction assemblies
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under simulated load conditions has also been in discussion. A review of the
NFPA 251/ASTM E119/ UL 263 time-temperature curve in comparison to the data
that has been collected in real world laboratory fires is reasonable to determine if
these test protocols should be modified.

NFPA is in agreement with this recommendation for improving the technical basis for
determining fire resistance ratings. NFPA notes that pursuing this recommendation might
result in less fireproofing in some instances and more fireproofing in other cases as the
current test procedure (NFPA 251/ ASTM E119/UL 263) is considered by many to be
conservative on a macro scale even though it does not completely address details such as
connection methods. The implementation of this recommendation will require further
study and additional research. As a part of the evaluation of these test procedures, a joint
effort by NFPA, ASTM and UL will be proposed by the Fire Protection Research
Foundation (FPRF) to study the issues, the similarities and the differences between the
test protocols versus actual fires and relevant ISO standards to determine if the test
protocols need to be or should be changed.

NFPA PROJECTS: Technical Committee on Fire Protection Features (BLD-FIR);
Technical Committee on Fire Tests (FIZ-AAA); Fire Protection Research Foundation.

Recommendation 6. NIST recommends the development of criteria, test methods, and
standards: (1) for the in-service performance of spray-applied fire resistive materials
(SFRM, also commonly referred to as fireproofing or insulation) used to protect structural
components; and (2) to ensure that these materials, as-installed, conform to conditions in
tests used to establish the fire resistance rating of components, assemblies, and systems.

NFPA Comment: Quality control associated with field preparation and application of
SFRM is a legitimate concern. Firestop Contractors International Association (FCIA) has
initiated work on standards and procedures to address this particular need. These
standards, once completed, should be recognized and adopted by models codes and
standards. The life of use issue associated with SFRM is also critical. Inspection
procedures, on site repair and environmental exposure are all key factors in determining
the effectiveness of the material.

NFPA is in agreement with this recommendation to improve the overall performance of
SFRM. Further, it is noted that in addition to the specific items listed in the
recommendation, particular attention should be given to the application of fireproofing on
all structural shapes and sizes. Fire service representatives on NFPA‘s HRBSAC
expressed specific concern with regard to small diameter structural elements such as bar
joists. SFRM standards from organization such as FCIA and AWCI should be reviewed
for reference by NFPA 5000 and NFPA 101. A need to address the appropriate criteria
for abrasion, vibration, shock and impact of SFRM under expected service conditions
also exists. Enforcement of the integrity of SFRM throughout the life of the building also
needs to be addressed by this recommendation.

NFPA PROJECTS: Technical Committee on Fire Protection Features (BLD-FIR);

Technical Committee on Fire Tests (FIZ-AAA); Technical Committee on Structures and
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Construction (BLD-STR); Technical Committee on Building Construction (BLD-BLC);
Technical Committee on Fire Prevention Code (UFC-AAA).

Recommendation 7. NIST recommends the nationwide adoption and use of the
“structural frame” approach to fire resistance ratings.

NFPA Comment: This approach, now recognized in both model building

codes, simply addresses the potential for a —weakest link”. While the basis of the
recommendation is now addressed in the 2006 edition of NFPA 5000, the term —structural
frame” should be better defined for future editions of the model codes. For example, is
the term to include the full load path of all structural members? Thermal failure of a
beam or girder connected to a main support column carrying a gravity load-and that

is essential to the stability of the structure-can impact the load path. This recommendation
only addresses that particular scenario.

NFPA PROJECTS: Technical Committee on Structures and Construction (BLD-STR);
Technical Committee on Building Construction (BLD-BLC); Technical Committee on
Fire Tests (FIR-AAA).

Group 3. New Methods for Fire Resistance Design of Structures

The procedures and practices used in the fire resistance design of structures should be
enhanced by requiring an objective that uncontrolled fires result in burnout without local
or global collapse. Performance-based methods are an alternative to prescriptive design
methods. This effort should include the development and evaluation of new fire resistive
coating materials and technologies and evaluation of the fire performance of conventional
and high-performance structural materials. Technical and standards barriers to the
introduction of new materials and technologies should be eliminated.

Recommendation 8. NIST recommends that the fire resistance of structures should be
enhanced by requiring a performance objective that uncontrolled building fires result in
burnout without local or global collapse.

NFPA Comment: This recommendation lumps two very different outcomes together-that
being total burnout without local or global collapse. The fire events noted in
Recommendation 4 did result in local, but not global collapse. The design level of
preventing local collapse during a total burnout does not appear to be realistic unless the
current cadre of expected fire scenarios are enhanced and made substantially more
conservative. This would result in system redundancies and robustness that will LIKELY
be difficult to justify from an economic and experiential point of view. Global collapse
from a typical or anticipated fire event is certainly an unwanted outcome-but such cases
simply do not exist for the high-rise building environment. NFPA suggests that this
recommendation be parsed to separately address local collapse (which seems more
acceptable) from global collapse (which seems wholly unacceptable)

A need exists to better define what is meant by -ancontrolled building fires”. Is it
intended that this term include only those types of fires already addressed by building and
fire regulations, or is it to include othgr-freaisihagards such as hostile acts and
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explosions? NFPA notes that where building collapses have occurred as a result of fire,
the failures were primarily a result of the inadequate application of code mandated
provisions and maintenance of fire protection features rather than from any shortcoming
associated with building regulations or design methods.

NFPA PROJECTS: Technical Committees on Structures and Construction (BLD-STR),
Technical Committees on Building Construction (BLD-BLC); Technical Committee on
Fundamentals (BLD-FUN); Technical Committee on Fire Risk Assessment Methods
(FIR-AAA)

Recommendation 9. NIST recommends the development of: (1) performance-based
standards and code provisions, as an alternative to current prescriptive design methods, to
enable the design and retrofit of structures to resist real building fire conditions, including
their ability to achieve the performance objective of burnout without structural or local
floor collapse: and (2) the tools, guidelines, and test methods necessary to evaluate the fire
performance of the structure as a whole system.

NFPA Comment: Performance Based Design (PBD) methods already exist in NFPA 1,
NFPA 101 and NFPA 5000. These can be applied equally to new construction or existing
buildings. The same discussion with respect to local and global collapse
(Recommendation 8) also applies here. PBD will also have to be measured against
prescriptive design to assure it is not providing a lower level of performance in any
manner.

NFPA believes that ongoing efforts are needed in the development of tools, data and
training for the better implementation of performance-based design methods.

NFPA PROJECTS: Technical Committee on Fundamentals (BLD-FUN).

Recommendation 10. NIST recommends the development and evaluation of new fire
resistive coating materials, systems, and technologies with significantly enhanced
performance and durability to provide protection following major events.

NFPA Comment: This recommendation should not be de-coupled from
recommendation No. 6. There are no technical barriers that NFPA is aware of to such
systems or materials and NFPA agrees with this recommendation that new building
materials be evaluated for their fire resistant characteristics. The testing and listing
laboratories such as UL, FM Global, Omega Point and Southwest have the ability to test
innovative materials.

NFPA PROJECTS: Technical Committee on Fire Tests (FIZ-AAA); Technical
Committee on Building Construction (BLD-BLC).

Recommendation 11. NIST recommends that the performance and suitability of advanced
structural steel, reinforced and pre-stressed concrete, and other high-performance material
systems should be evaluated for use under conditions expected in building fires.

NFPA COMMENTS
NIST WTC 7 REPORT
16 of 178

37



NFPA Comment: Use of material such as fire resistive steel (FRS), concrete filled tube
(CFT) and use of similar existing innovations (water filled tube WFT) have the potential
to become more mainstream. Provided any of the materials or composites provides the
same or higher level of protection than the current offering of construction materials,
such options should be considered and more fully developed. NFPA comments on
Recommendation #10 also apply here.

NFPA PROJECTS: Technical Committee on Fire Tests (FIZ-AAA); Technical
Committee on Building Construction (BLD-BLC); Fire Protection Research Foundation

Group 4. Improved Active Fire Protection

Active fire protection systems (i.e., sprinklers, standpipes/hoses, fire alarms, and smoke
management systems) should be enhanced through improvements to design, performance,
reliability, and redundancy of such systems.

Recommendation 12. NIST recommends that the performance and redundancy of active
fire protection systems (sprinklers, standpipes/hoses, fire alarms, and smoke management
systems) in buildings should be enhanced to accommodate the greater risks associated with
increasing building height and population, increased use of open spaces, available
compartmentation, high-risk building activities, fire department response limits, transient
fuel loads, and higher threat profile.

NFPA Comment: This recommendation should be broken down into a broader category-
namely to look at various risks associated with various segments of tall buildings. While
the recommendations are appropriate to look at, other parts of the report only seem to
focus on a 20 story differentiation. Consideration of a schedule for high rise buildings
(perhaps 4 or 5 categories-see NFPA comments on related subject in Recommendation
#4) would be more appropriate. The taller the building, i.e. the greater the perceived risk ,
construction features and systems with added redundancies or robustness of systems
could be increased in some manner.

A means for better understanding and quantifying the impact, performance and reliability
of fire protection systems should be pursued. A distinction should also be emphasized
between enhancing the effectiveness of such systems and evaluating their appropriateness
with respect to specific hazards/threats.

One starting point to consider, revolves around the CTBUH Building Enhancement
Guidelines. These guidelines, released in May of 2002 provide potential augmentation
features that could be applied to increase the reliability of certain building systems and
features. In this realm, the systems would be enhanced or hardened to be able to manage
certain design hazards that are normally not contemplated in codes. The NFPA
HRBSAC is considering a concept (modeled on the LEEDS system) that would provide a
point score system for certain system features or enhancements that are best described as
—eode-plus” designs. Work in this area will likely be in collaboration with NIST and
CIB.

NFPA COMMENTS
NIST WTC 7 REPORT
17 of 178

38



It should be noted that the Technical Correlating Committee for the National Electrical
Code (NEC) has established a task group to specifically look at the hazard scenarios
identified by DHS and to determine what (and where) enhancements to building
electrical services could be made to increase the reliability/robustness of such systems.

NFPA PROJECTS: Technical Correlating Committee on Automatic Sprinklers (AUT-
AAC); Technical Committee on Fire Pumps (FIM-AAA); Technical Committee on
Standpipes (SPI-AAA); Technical Correlating Committee on Signaling Systems for the
Protection of Life and Property (SIG-AAC); Technical Correlating Committee on
National Electrical Code (NEC-AAC); Technical Committee on Emergency Power
Supplies (EPS-AAA); Technical Committee on Smoke Management Systems (SMO-
AAA).

Recommendation 13. NIST recommends that fire alarm and communications systems in
buildings should be developed to provide continuous, reliable, and accurate information on
the status of life safety conditions at a level of detail sufficient to manage the evacuation
process in building fire emergencies, and that standards for their performance be
developed.

NFPA Comment: Timeliness of accurate information for the occupants during large
scale building emergencies is of crucial importance. The hardware and software
necessary to achieve this is available. Knowing when to give direction, and what
direction to give is of paramount importance. This recommendation is closely aligned
with Recommendation 16 and 19.

NFPA PROJECTS: Technical Correlating Committee on Signaling Systems for the
Protection of Life and Property (SIG-AAC).

Recommendation 14. NIST recommends that control panels at fire/emergency command
stations in buildings should be adapted to accept and interpret a larger quantity of more
reliable information from the active fire protection systems that provide tactical decision
aids to fireground commanders, including water flow rates from pressure and flow
measurement devices, and that standards for their performance be developed.

NFPA Comment: The benefit of having flow rate data available at the command center
is not obvious. What other information was being considered when this recommendation
was being drafted?

NFPA PROJECTS: Technical Correlating Committee on Signaling Systems for the
Protection of Life and Property (SIG-AAC); Technical Correlating Committee on

Automatic Sprinklers (AUT-AAC); Technical Committee on Fire Service Occupational
Safety (FIX-AAA).

Recommendation 15. NIST recommends that systems should be developed and
implemented for: (1) real-time off-site secure transmission of valuable information from fire
alarm and other monitored building systems for use by emergency responders, at any
location, to enhance situational awareness and response decisions and maintain safe and
efficient operationssz; and (2) preservatjon, of that ipformation either off-site or in a black
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box that will survive a fire or other building failure for purposes of subsequent
investigations and analysis. Standards for the performance of such systems should be
developed, and their use should be required.

NFPA Comment: Alarm transmission information is routinely backed up and available at
central station monitoring facilities. If the only purpose for having this is for event
reconstruction, such data already exists in most cases. If it is for use during an event, a
point of information overload may be reached. Under some circumstances, too much
information becomes less than useful. NIST should particularly pay attention to
comments from fire department personnel and OEM managers on this recommendation.

NFPA PROJECTS: Technical Correlating Committee on Signaling Systems for the
Protection of Life and Property (SIG-AAC); Technical Committee on Fire Service
Occupational Safety (FIX-AAA).

Group 5. Improved Building Evacuation

Building evacuation should be improved to include system designs that facilitate safe and
rapid egress, methods for ensuring clear and timely emergency communications to
occupants, better occupant preparedness for evacuation during emergencies, and
incorporation of appropriate egress technologies.

Recommendation 16. NIST recommends that public agencies, non-profit organizations
concerned with building and fire safety, and building owners and managers should develop
and carry out public education campaigns, jointly and on a nationwide scale, to improve
building occupants’ preparedness for evacuation in case of building emergencies.

NFPA Comment: This type of action should have been standard protocol pre September
11. High rise building evacuation is a complex subject and while partial relocation of
occupants is still the preferred method, we now know that:

A. It may not always be the preference of the occupant;

B. Some building events-fire, power failure, bomb threat-require special approaches, and
a full building evacuation may be needed.

At present, NFPA does offer guidelines, both in pamphlet form and on the NFPA website
concerning evacuation protocols from high rise buildings. NFPA will pursue the
development of additional education programs in this regard and establish cooperative
agreements with other organization that have similar interests (BOMA, CTBUH, GSA,
ULI). In all cases, any such programs or educational initiatives must be inclusive of
persons with all manner of disabilities. See related item in Recommendation #20.

NFPA PROJECTS: Technical Correlating Committee on Safety to Life (SAF-AAC);
Technical Committee on Fire Prevention Code (UFC-AAA); Public Education Section;
DARAC.

Recommendation 17. NIST recommends that tall buildings should be designed to
accommodate timely full building evacuation of occupants due to building-specific or large-
scale emergencies such as widespread power outages, major earthquakes, tornadoes,

hurricanes without sufficient advancedwwaxoingyfives, accidental explosions, and terrorist
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attack. Building size, population, function, and iconic status should be taken into account in
designing the egress system. Stairwell and exit capacity should be adequate to accommodate
counter flow due to emergency access by responders.

NFPA Comment: Full building evacuation concepts are an important consideration, but
should not be viewed as the preferred or optimum choice for a tall building. Width of
stairs in high rise buildings has been a discussion topic for decades, not years. While the
concept of sizing the stairs for the largest floor population is workable for typical or
expected scenarios, there are definitive concerns for mass evacuation of the building
coupled with issues of counter-flow by first responders. The 2006 editions of NFPA 101
and NFPA 5000 include a new stair width design concept that incorporates cumulative
population use of the stairs. An aggregate of the floor populations will trigger an increase
in stair width (from 44 inches to 56 inches) where 2000 or more occupants are expected
to use a given stair.

NFPA does believe that a better understanding of the evacuation and egress of building
occupants is necessary. Data and methods need to be further developed to help
understand occupant behavior and to determine the length of time needed to evacuate
building occupants. Scenarios should include various types of evacuation such as partial
evacuation or relocation concepts, full evacuation, defend in place concepts, use of
elevators, escape devices, and other alternate means of escape. Availability and reduction
of egress routes should be also considered. NFPA notes that the term —timely” is largely a
function of the threat/hazard to be considered and is likely to require risk analysis.
Building-specific and large-scale emergencies need to be quantified. It should also be
recognized that rapid evacuation of all building occupants could place them in greater
danger. The effect of evacuation planning and drills should be quantified, and efforts in
limiting the number of trips and falls should also be pursued.

NFPA PROJECTS: Technical Committee on Means of Egress (BLD/SAF-MEA);
Technical Correlating Committee on Signaling Systems for the Protection of Life and
Property (SIG-AAC); Technical Committee on Fire Service Occupational Safety (FIX-
AAA); Research Section; Fire Service Section, Public Education Section.

Recommendation 18. NIST recommends that egress systems should be designed: (1) to
maximize remoteness of egress components (i.e., stairs, elevators, exits) without negatively
impacting the average travel distance; (2) to maintain their functional integrity and
survivability under foreseeable building-specific or large-scale emergencies; and (3) with
consistent layouts, standard signage, and guidance so that systems become intuitive and
obvious to building occupants during evacuations.

NFPA Comment: This recommendation is disconcerting in that it introduces a major
assumption of a _large scale‘ emergency, yet states in item b. this is not an aircraft
impact. What event(s) would fit into this category? The recommendation also attempts to
sweep into it design of other systems and features such as elevators. NFPA recommends
that the subject in Recommendation #18 regarding Jarge scale” emergency be removed
from the list and described as a separate point of philosophical discussion. The on-going

debate about whether building regulations should address events associated with normal

NFPA COMMENTS
NIST WTC 7 REPORT
20 of 178

41



building hazards, or more extreme events such as hostile acts and explosions will have to
be settled first before consensus is reached on this subject.

NFPA agrees with that part of the recommendation regarding consistent layout and
signage and the use of features that will make the egress system more intuitive. NFPA
72, National Fire Alarm Code, has accepted a series of proposals for the 2007 edition that
will introduce the concept of Exit Marking Audible Notification Appliances. Such
components have the ability to direct occupants by sound to the exit locations.

NFPA also agree that remoteness of exits should be studied, as current remoteness
provisions might not be adequate for other than fire events. Areas that NFPA Technical
Committees will study include concepts of a more robust building core, or more robust
stair construction and the reduction of remoteness of exits in sprinklered buildings.

NFPA PROJECTS: Technical Committee on Means of Egress (BLD/SAF-MEA);
Technical Correlating Committee on Signaling Systems for the Protection of Life and
Property (SIG-AAC).

Recommendation 19. NIST recommends that building owners, managers, and emergency
responders develop a joint plan and take steps to ensure that accurate emergency
information is communicated in a timely manner to enhance the situational awareness of
building occupants and emergency responders affected by an event. This should be
accomplished through better coordination of information among different emergency
responder groups, efficient sharing of that information among building occupants and
emergency responders, more robust design of emergency public address systems, improved
emergency responder communication systems, and use of the Emergency Broadcast System
(now known as the Integrated Public Alert and Warning System) and Community
Emergency Alert Networks.

NFPA Comment: This subject closely aligns with Recommendation #13. Similar
technologies are deployed at the US Capitol complex to provide an alert status to the
approximately 30,000 staff, occupants and visitors who may be present on a given day.
Recent work underway at NFPA, and that was initiated at the request of the US Air Force
on Mass Notification systems will help to codify and standardize some of these protocols.

NFPA PROJECTS: Technical Correlating Committee on Signaling Systems for the
Protection of Life and Property (SIG-AAC); Technical Committee on Building Systems
(BLD-SYS); Fire Service Section; Public Education Section; Metro Chiefs.

Recommendation 20. NIST recommends that the full range of current and next generation
evacuation technologies should be evaluated for future use, including protected/hardened
elevators, exterior escape devices, and stairwell navigation devices, which may allow all
occupants an equal opportunity for evacuation and facilitate emergency response access.

NFPA Comment: This subject was part of the theme at a NIST sponsored workshop in
2004. Recommendation #21 on elevator use is going to happen sooner rather than later.
Last resort escape devices are gaining some recognition and use, but integration of such

devices into the built environment muggbe uRfNtg managed. And there can be no
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expectation, however, that current technologies will have an impact on September 11
type events.

The term —staway descent devices” has been used in NFPA 101 and NFPA 5000, and it
is recommended that NIST use the same terminology in lieu of stairwell navigation
devices.

NFPA PROJECTS: Technical Committee on Means of Egress (BLD/SAF-MEA);
Technical Committee on Building Systems (BLD-SYS); DARAC; Public Education
Section.

Group 6. Improved Emergency Response

Technologies and procedures for emergency response should be improved to enable better
access to buildings, response operations, emergency communications, and command and
control in large scale emergencies.

Recommendation 21. NIST recommends the installation of fire-protected and structurally
hardened elevators to improve emergency response activities in tall buildings by providing
timely emergency access to responders and allowing evacuation of mobility-impaired
building occupants. Such elevators should be installed for exclusive use by emergency
responders during emergencies. In tall buildings, consideration also should be given to
installing such elevators for use by all occupants.

NFPA Comment: Broad use of elevators well into a building fire or other emergency
event will offer a means of attaining a more timely evacuation of very tall buildings as
noted in Recommendation #17. Work in this particular area is likely within three years of
completion and implementation. If possible, NIST and ASME should fast track this
particular project so as to allow the hardened elevator concept to be realized sooner if
possible.

The effort being organized by NIST and ASME is of crucial importance to ensure that
current technology (both hardware and software) can adequately address the associated
safety, functional and operational concerns with using the elevators as described. In
particular, concerns with elevator shunt trips, the filling of shafts with smoke, the
operation of equipment under adverse conditions such as when wet from fire suppression
operations or systems and the need to provide direction to the occupants must be
addressed.

A dedicated use elevator as described only for the exclusive use of emergency
responders, i.e. fire fighters is open to discussion. In some cases, on site fire ground
operations in a high-rise building may take 15 to 20 minutes to commence from time of
the first alarm. If a goal truly is to strive for timely evacuation, this is a significant
portion of time where the elevators may be in recall mode and are not being utilized.
Keeping elevators available for use by building occupants, or at least building occupants
with mobility impairments, during this time period, vastly improves the chances of
meeting Recommendations #17 and #21.
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NFPA suggests that the use elevators should be as a minimum, under exclusive authority
of the fire service and other first responders such as fire wardens, security personnel and
other authorized on site personnel who may be adequately trained to use the elevator.
Ideally, use of the elevators by the occupants should be a longer term goal to strive for.

In particular, anything that can be done allow mobility impaired occupants access and use
of the elevators under emergency conditions should be pursued as quickly as possible.

Structurally hardened (properly protected) elevators also need to be further defined as
well as the threats/hazards to be considered. The CTBUH Emergency Evacuation
Elevator Systems Guideline (September 2004) provides a definitive starting point for
elevator evacuation concepts.

NFPA PROJECTS: Technical Committee on Means of Egress (BLD/SAF-MEA);
Technical Committee on Building Systems (BLD-SYS); Technical Committee on
Uniform Fire Code (UFC-AAA); Technical Committee on Fire Service Occupational
Safety (FIX-AAA); DARAC; Public Education Section; Fire Service Section; Metro
Chiefs.

Recommendation 22. NIST recommends the installation, inspection, and testing of
emergency communications systems, radio communications, and associated operating
protocols to ensure that the systems and protocols: (1) are effective for large-scale
emergencies in buildings with challenging radio frequency propagation environments; and
(2) can be used to identify, locate, and track emergency responders within indoor building
environments and in the field.

NFPA Comment: First responder communication systems must be robust enough to
allow uninterrupted, reliable communication between fire, police and OEM officials for
all building emergencies and not just the large scale event mentioned. The particular
problem of needing reliable and dependable communication systems that work from
inside of any building environment to both internal and external locations is crucial.

NFPA PROJECTS: Technical Committee on Fire and Emergency Service Organization
and Deployment — Career (FAC-AAA); Technical Committee on Fire and Emergency
Service Organization and Deployment — Volunteer (FAD-AAA) ;Technical Committee
on Fire Service Occupational Safety (FIX-AAA) ; Technical Correlating Committee on
Signaling Systems for the Protection of Life and Property (SIG-AAC); Technical
Committee on Public Emergency Service Communication (PUF-AAA); National
Electrical Code Committee (NEC-AAC);Fire Service Section; Metro Chiefs.

Recommendation 23. NIST recommends the establishment and implementation of detailed
procedures and methods for gathering, processing, and delivering critical information
through integration of relevant voice, video, graphical, and written data to enhance the
situational awareness of all emergency responders. An information intelligence sector
should be established to coordinate the effort for each incident.
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NFPA Comment: Related to Recommendation #15, this concept must remain
manageable by that individual or sector. One concern may be too much information.

NFPA PROJECTS: Technical Committee on Fire and Emergency Service Organization
and Deployment — Career (FAC-AAA); Technical Committee on Fire and Emergency
Service Organization and Deployment — Volunteer (FAD-AAA); Technical Committee
on Fire Service Occupational Safety (FIX-AAA) ; Technical Correlating Committee on
Signaling Systems for the Protection of Life and Property (SIG-AAC); Technical
Committee on Public Emergency Service Communication (PUF-AAA); Technical
Committee on Pre-Incident Planning (PIP-AAA);Fire Service Section; Metro Chiefs.

Recommendation 24. NIST recommends the establishment and implementation of codes
and protocols for ensuring effective and uninterrupted operation of the command and
control system for large-scale building emergencies.

NFPA Comment: Circumstances by which a governmental entity establishes a command
authority that is event dependent is critical. Smaller jurisdictions may have a one stop
procedure-regardless of the event. Larger jurisdictions may have a complex system that
has different lead agencies for different events. Such protocols should consider the event,
mutual aid from surrounding jurisdictions, and thresholds for assistance from state and
federal government agencies.

Jurisdictions at all levels need to develop and implement protocols that clear lines of
authority are established in advance of major emergencies. The recommendations made
in the report very clearly outline the steps that jurisdictions should take to improve their
command and control of large-scale incidents.

NFPA PROJECTS: Technical Committee on Fire and Emergency Service Organization
and Deployment — Career (FAC-AAA); Technical Committee on Fire and Emergency
Service Organization and Deployment — Volunteer (FAD-AAA); Technical Committee
on Fire Service Occupational Safety (FIX-AAA); Technical Committee on Public
Emergency Service Communication (PUF-AAA); Technical Committee on Pre-Incident
Planning (PIP-AAA); Fire Service Section; Metro Chiefs.

Group 7. Improved Procedures and Practices

The procedures and practices used in the design, construction, maintenance, and operation
of buildings should be improved to include encouraging code compliance by
nongovernmental and quasi-governmental entities, adoption and application of egress and
sprinkler requirements in codes for existing buildings, and retention and availability of
building documents over the life of a building.

Recommendation 25. Nongovernmental and quasi-governmental entities that own or lease
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buildings and are not subject to building and fire safety code requirements of any
governmental jurisdiction are nevertheless concerned about the safety of the building
occupants and the responding emergency personnel. NIST recommends that such entities
should be encouraged to provide a level of safety that equals or exceeds the level of safety
that would be provided by strict compliance with the code requirements of an appropriate
governmental jurisdiction. To gain broad public confidence in the safety of such buildings,
NIST further recommends that it is important that as-designed and as-built safety be
certified by a qualified third party, independent of the building owner(s). The process
should not use self-approval for code enforcement in areas including interpretation of code
provisions, design approval, product acceptance, certification of the final construction, and
post-occupancy inspections over the life of the buildings.

NFPA Comment: The recommendation should also extend to federal agencies as well.
This recommendation is simply good practice-both business and neighbor. The terms
-non-governmental and quasi-governmental” should be deleted. Additionally it should
address those situations where no Authority Having Jurisdiction exists, where the local
governing building regulations do not need to be adhered to by the party constructing the
building, and where self-certification in the private sector occurs.

NFPA PROJECTS: Technical Committee on Fundamentals (BLD/SAF-FUN); Technical
Committee on Uniform Fire Code (UFC-AAA); IFMA; AEBO Section

Recommendation 26. NIST recommends that state and local jurisdictions should adopt and
aggressively enforce available provisions in building codes to ensure that egress and
sprinkler requirements are met by existing buildings. Further, occupancy requirements
should be modified where needed (such as when there are assembly use spaces within an
office building) to meet the requirements in model building codes.

NFPA Comment: While retroactive imposition of building safety standards can be
intrusive, it is none-the-less good practice. Grandfathering concepts that allow other than
imminent hazards to remain in place have proven to be problematic. At first pass, this
recommendation needs to be modified somewhat to distinguish between removal of
grandfathering clauses and complying with requirements for new construction during
renovation type projects. The thresholds® for change is quite different in these two
concepts.

Certain requirements for existing buildings such as those pertaining to sprinkler
protection and fire resistance should meet the same level of safety required for new
construction when a renovation in contemplated. Additional regulations for existing
buildings, such as those currently found in NFPA 101, should be developed and adopted.
NFPA 101 does not recognize the —grandfathering concept”-instead, it mandates a
minimum level of safety and performance that applies retroactively to a building. NFPA
is strongly in support of the recommendation that high rise buildings be retrofitted with

automatic sprinkler systems. This provision is currently a requirement of NFPA 1 and
NFPA 101.
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NFPA PROJECTS: Technical Committees for the Life Safety Code (SAF-AAC) and
Building Code (BLD-AAC); Technical Committee on Uniform Fire Code (UFC-AAA);
IFMA; AEBO Section.

Recommendation 27. NIST recommends that building codes should incorporate a provision
that requires building owners to retain documents, including supporting calculations and
test data, related to building design, construction, maintenance and modifications over the
entire life of the buildingss. Means should be developed for offsite storage and maintenance
of the documents. In addition, NIST recommends that relevant building information should
be made available in suitably designed hard copy or electronic format for use by emergency
responders. Such information should be easily accessible by responders during emergencies.

NFPA Comment: The retention of documents- including as built drawings, relevant
calculations and O&M manuals is important for future modifications or work on the
building. What type, and how much information should be available to first responders
will be a function of the extent to which government entities adapt to items in
Recommendations 15 and 23. Local issues with regard to information required by first
responders, the format of the information, and how much information is necessary must
also need to be addressed.

NFPA PROJECTS: Technical Committee on Fire and Emergency Service Organization
and Deployment — Career (FAC-AAA); Technical Committee on Fire and Emergency
Service Organization and Deployment — Volunteer (FAD-AAA); Technical Committee
on Fire Service Occupational Safety (FIX-AAA); Technical Committee on Pre-Incident
Planning (PIP-AAA); Fire Service Section; Metro Chiefs.

Recommendation 28. NIST recommends that the role of the “Design Professional in
Responsible Charge” should be clarified to ensure that: (1) all appropriate design
professionals (including, e.g., the fire protection engineer) are part of the design team
providing the standard of care when designing buildings employing innovative or unusual
fire safety systems, and (2) all appropriate design professionals (including, e.g., the
structural engineer and the fire protection engineer) are part of the design team providing
the standard of care when designing the structure to resist fires, in buildings that employ
innovative or unusual structural and fire safety systems.

NFPA Comment: Use of all appropriate design professionals should be integrated into
this recommendation. Unusual structural design applications must be over seen by a
structural engineer; unusual mechanical design applications must be overseen by a
mechanical engineer. Codes should continue to advance the concept of Design
Professional in Responsible Charge, or Registered Design Professional, but state
licensing boards should be responsible for establishing the areas of practice for a given
project.

Recommendation 29. NIST recommends that continuing education curricula should be
developed and programs should be implemented for training fire protection engineers and
architects in structural engineering principles and design, and training structural engineers,
architects and fire protection engineers in modern fire protection principles and
technologies, including fire-resistance design of structures.
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NFPA Comment: This recommendation embraces a concept that is long overdue. In
some case, fire safety needs and concerns are addressed almost as an afterthought. Fire
protection engineers want to offer solutions to everyday prescriptive-based designs but
also to innovative architectural designs. Likewise, it is important for the architectural
community to be aware of the limits in fire protection engineering. Work among
affiliated groups such as NFPA, SFPE, AIA, NCSEA and ASCE among others would
help with the cross knowledge application desired by this recommendation.

NFPA PROJECTS: Professional Development Division.

Recommendation 30. NIST recommends that academic, professional short-course, and web
based training materials in the use of computational fire dynamics and thermo-structural
analysis tools should be developed and delivered to strengthen the base of available
technical capabilities and human resources.

NFPA Comment: Such course offering currently exist and broader availability of these
programs will help everyone to perform more concise analyses of buildings designs with
respect to fire events. Work among affiliated groups such as NFPA, SFPE, AIA, NCSEA
and ASCE among others would help with the cross knowledge application desired by this
recommendation.

NFPA PROJECTS: Fire Science and Technology Educators Section

NFPA COMMENTS
NIST WTC 7 REPORT
27 of 178

48



ANNEX B

FPRF Report

June 2007

NFPA COMMENTS
NIST WTC 7 REPORT
28 of 178

49



Fire Resistance Testing
For Performance-based Fire Design of Buildings

Final report

- Prepared by:

Craig Beyler
Jesse Beitel
Nestor lwankiw

Brian Lattimer
Hughes Associates, Inc.

THE
FIRE PROTECTION
RESEARCH FOUNDATION

®\

L | ™ ] ™~ w _ | h 4 B N A
EE O HE P N "EEE P N " Sl TeUEy W P SN T
I B H . W o _ W . ¥ B A W . W WY T
IR N N N T ] A~ A ¥ o ¥ B 7 A B

THE FIRE PROTECTION
RESEARCH FOUNDATION

ONE BATTERYMARCH PARK
QUINCY, MASSACHUSETTS, U.S.A. 02169
E-MAIL: Foundation@NFPA.org
WEB: www.nfpa.org/Foundation
NFPA COMMENTS
NIST WTC 7 REPORT
© Copyright The Fire Protegtiimn Research Foundation

June 2007

50



FOREWORD

The ASTM E119 test procedure (or equivalent) is used to determine
whether a construction assembly or structural element meets the fire
resistance rating requirements specified in prescriptive building
codes. Fire statistics indicate that these requirements appear to be
adequate in meeting the intended fire safety objectives of the
prescriptive codes. In recent years it has become more common to
design buildings for fire safety on a performance basis. The standard
fire resistance test in its present form is not designed to provide
discrete information that can be used in support of performance-
based structural fire design. The technology of the test standard
could be improved to make the measurements and results more
useful for performance-based fire design.

This report presents the results of a study undertaken by the
Foundation to develop the technical basis for changes and additions
to ASTM E119 so that measurements and results can be used in
performance-based design, without compromising the traditional use
of the test standard for prescriptive building code compliance.

The Research Foundation expresses gratitude to the report authors
Craig Beyler, Jesse Beitel, Nestor Iwankiw, and Brian Lattimer of
Hughes Associates, Inc.; and the Project Technical Panelists and
Principal Sponsors listed on the following page.

The content, opinions and conclusions contained in this report are
solely those of the authors.

NFPA COMMENTS
NIST WTC 7 REPORT
30 of 178

51



Fire Resistance Testing
For Performance-based Fire Design of Buildings

Technical Panel

Vytenis Babrauskas, Fire Science and Technology Inc.
Michael Englehardt, University of Texas at Austin
Gregory Harrington, NFPA Staff Liaison

Peter Jackman, International Fire Consultants Ltd.
Venkatesh Kodur, Michigan State University

Susan Lamont, Arup

Richard Licht, RRL Consultants Solutions Inc.

Frederick Mowrer, University of Maryland

Sponsors
Armstrong World Industries, Inc.
Gypsum Association
Intertek Testing Services NA, Inc.
Isolatek International
National Institute of Standards and Technology
USG Corporation

Underwriters Laboratories Inc.

NFPA COMMENTS
NIST WTC 7 REPORT
310f178

52



HAI Project # 2843-000

FIRE RESISTANCE TESTING
FOR PERFORMANCE-BASED FIRE DESIGN OF BUILDINGS

Prepared for

Kathleen Almand
The Fire Protection Research Foundation
1 Batterymarch Park
Quincy, MA 02169-7471
Ph. 617-984-7282

Prepared by

Beyler, C., Beitel, J., Iwankiw, N., and Lattimer, B.
Hughes Associates, Inc.
3610 Commerce Drive, Suite 817
Baltimore, MD 21227-1652
Ph. 410-737-8677 Fax 410-737-8688

June 18, 2007

NFPA COMMENTS
NIST WTC 7 REPORT
32 0f 178

53



1.0

2.0
3.0

4.0

5.0

6.0

7.0

CONTENTS

Page

INTRODUCTION ...ttt sttt sttt et s et eseestesbesbesbeateaneeneeneas 1
1.1  Ongoing Developments in Structural Fire Protection Design Methods ................. 2
1.2 Outline of the AnalysiS APPrOaCh..........cccoiiiiiiiiiiiee e 2
PERFORMANCE-BASED STRUCTURAL FIRE ENGINEERING (PBSFE).................. 3
TEST METHOD RECOMMENDATIONS - THERMAL/HEAT-TRANSFER ............... 6
3.1 INSEIUMENTALION ...t bt sre s 7

3.1.1 Furnace Temperature CONtrol..........ccccvevieiieiicie e 7
3.2 Furnace Construction and OPEration ..........ccccceeeeieeiiniienie e 15
3.3 Thermal Properties of Materials ...........ccoooiiiiiiniiiieesc e 32
TEST METHOD RECOMMENDATIONS - STRUCTURAL PERFORMANCE ......... 33
4.1 INSTIUMENTALION ... bbb e 33
4.2 Furnace Operation and Load/Scale............coevveiiiiieiieciece e, 36
A3 GBNEIAL..cceieieie et 41
TEST METHOD RECOMMENDATIONS — TEST DOCUMENTATION..........c0cvvnnee. 47
5.1  FUMACE DESCIIPIION ....cueiiiitiitisii ettt 47
5.2 Furnace Exposure Conditions and Instrumentation............ccccevvvvenvnresciesneneennn 47
5.3  Calibration TeSt RESUILS.......ccoiiiiiiiiie e 47
5.4  Specimen/assembly DeSCrIPLiON ........cccvcvviiieiieiii e 47
5.5 TESERESUIS ....oiuiiiiiiiciee ettt 48
5.6  POSE-TESt INSPECLION.....ccueiitieiiiie ettt ettt 48
GENERAL RESEARCH RECOMMENDATIONS IN SUPPORT OF PBSFE............... 49
6.1 Develop Guidelines for Definition of Imminent Structural Failure...................... 49
6.2  Develop Guidance for the Design of Furnace Assemblies and Application of

RESUIES ... ettt 51
6.3  Conduct a Round-robin using the Furnace Calibration Test Method................... 51
6.4  Develop Test Procedure and Data on Fire Performance of Common Structural

(O70] 10 Tox 1[0 1RSSR URRS 51
6.5  Develop and Standardize Test Methods for High Temperature Thermal, Physical,

and Structural Properties of Materials ...........ccccovveviiieiiiiie e, 53
6.6  Compile Fire Test Database. .........ccoeiieiierieiie e 53
6.7  Analyze Repeatability (Scatter) of TeStS .....c.cccevieviiieiicire e 53
SUMMARY OF RECOMMENDATIONS ...ttt 54
7.1 Furnace Instrumentation ReCOMMENdAtioNS. ...........ccevieriinienieiieie e 54
7.2 Furnace Operations ReCOMMENUALIONS ..........ccerviriiiinieieiere e, 55
7.3 Structural Instrumentation REAHBIMAAGRLIONS.......coviiiiiieieee e 56

NIST WTC 7 REPORT
33 Cifi178

HUGHES ASSOCIATES, INC.
54



7.4 Structural Operations ReCOMMENUALIONS .........cccuererieriiniieie e 56

7.5  Recommendations Potentially Applicable to Existing Test Methods................... 57

8.0 PROPOSED EXPERIMENTAL RESEARCH ......cooiiiiie et 59
8.1  TeStPIAN OULIINE......cceeieee e 59

8.1.1 General REQUITEMENTS.......ccciuiiieiieiie et sie ettt sre et sre e 59

8.1.2 Light Frame WallS .........c.cccoiiiiieii e 61

8.1.3 Composite Steel Beam with Concrete FIOOr............cccovveiiiiiiciicie, 65

0.0 SUMMARY ..ottt ettt e Rt R et e it et e aeereareeneens 71
10.0  REFERENGCES ..ottt ettt teste s teaneenaanaenes 71
APPENDIX A — BIBLIOGRAPHY (DEVELOPED BY SWRI) ..ot A-1

NFPA COMMENTS
NIST WTC 7 REPORT
340f 178
ii
55



Figure 1.
Figure 2.
Figure 3.

Figure 4.
Figure 5.

Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.

Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.

Figure 17.
Figure 18.
Figure 19.

Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.

Figure 26.

Table of Figures

Performance-based structural fire engineering (PBSFE) design process. ..........c.cceeuee... 4
UL tests measuring temperature of material ignition and ASTM E 119 temperature.. 12

NRC-Canada tests on material ignition in contact with concrete along with ASTM
E 119 pad tEMPEIALUIES. ......civeeieeeiesieeie ettt ste e e e e e sreenaesneesaeeneenneas 12

Furnace time-temperature eXPOSUIE CUMVES. .........civerueauereeseeeeesseesseasesseessesssesseesseens 16

Heat flux measured during ASTM E 119 furnace exposure in floor and wall furnaces.
Blackbody heat flux was calculated from ASTM E 119 furnace temperature curve. .. 17

Compartment fire gas temperatures as a function of opening factor..................c......... 19
Fuels burned in compartment fire teStS. ........cevieiiiic i 19
Compartment dimensions in compartment fire tests. ........ccoccvvveveviivicce e 20
Average gas temperature in compartment fires as a function of time compared with the
proposed time-temperature curve (a) after 1 hour and (b) after 2 hours....................... 21
Peak gas temperature in compartment fires as a function of time compared with the
proposed time-temperature curve (a) after 1 hour and (b) after 2 hours..................... 22
Compartment Test #1 eXPOSUIe at trEE 5. .......occveriiieiie e 25
Compartment Test #2 eXPOSUIe at trEE 5. ....vvvviivieiiiie e 26
Compartment Test #3 eXPOSUIE At trEE 5. ....vvvviivie it 26
Calibration test noncombustible boundary with instrumentation...............ccccceeenee 28
Bolt strain data from BRE 215-74L..........ccoiiiiiiieieie e 36
Illustration of recommended additional instrumentation for structural fire
PEITOIMMANCE. ©...vieeieciie ettt et e e s e ste e e e sreesbeeneeaneenneas 36
Column fire-testing alterNatiVeS. .........ccoooiiiiiiiiieeeee e 45
Change in floor system resistance from primary bending to catenary action. ........... 52
Cross-section of Proposed Wall Assembly, including Eccentric Load Line (away
from fireside for steel studs only) — (cavity insulation not shown). .............cccceenen. 63
Elevation Layout of Structural and Thermal Instrumentation for Wall Assemblies.. 64
Cross-section for thermocouple (TC) layout — Wall No. 1. ......ccocooveiiiiiiiieecieee, 65
Cross-section for thermocouple (TC) layout — Wall N0S. 2 & 3.......cccccoveiveiiiinenenn, 65
Cross-section of concrete/metal deck & steel beam composite floor assembly........ 66
Cross-section of reinforced concrete & steel beam composite floor assembly.......... 67
Schematic plan view of instrumentation set locations for deflections, strain gauges
and thermocouples of Floor asSEMBIY. ........ccoiviiieiii s 69
Schematic section view of instrumentation set locations for deflections, strain gauges,
and thermocouples of floor assembly. ..o 70

NFPA COMMENTS
NIST WTC 7 REPORT
350f 178
v

HUGHES ASSOCIATES, INC.
56



Table of Tables

Table 1. Fireproofing Thickness for Steel Member..........ccccovviiiiiii i, 23
Table 2. Fire Performance of Gypsum Board in Standard Tests and Compartment Fire Tests .. 25

Table 3. Test Instrumentation Recommended for Acquisition of Structural Performance Data

LL=TCI T U =0 1 ) SRS 35
Table 4. Applicability to Existing Test Methods...........cccooiiiiiiiiiiie e 58
Table 5. Test Matrix — Wall ASSEMDBIIES ........ccoviiiiiiiie s 62
Table 6. Test MatriX — FIOOr ASSEMDIIES........ccouiiiiiieieicisee e 67

NFPA COMMENTS
NIST WTC 7 REPORT
36 of 178
\Y

HUGHES ASSOCIATES, INC.
57



The Technical Basis of a Fire Resistance Test
for Performance-Based Fire Design of Buildings

1.0 INTRODUCTION

There is an ongoing trend in Fire Protection Engineering toward Performance-Based Design
(PBD) and toward rational engineering of fire protection in lieu of prescriptive requirements.
This approach requires engineering data that existing test methods, like ASTM E 119 (American
Society for Testing and Materials), are not currently configured to provide (Grosshandler, 2002).
The lack of engineering data from standard fire resistance test methods requires that
performance-based design utilize data obtained from ad hoc test methods performed outside of
the scope of standard test methodologies. This process is lacking in both standardization and
efficiency.

In addition to other limitations with respect to test procedures, measurements, and reporting,
reproducibility of standard furnace testing has always been a serious issue. Fire resistance tests
are unique within the fire test world in that the apparatus is only generally specified in the test
standard. Fuels, burners, furnace linings, furnace dimensions, loading levels, and loading
mechanisms are either unspecified or only generally specified. This has led to the situation that
test results cannot be reproduced from laboratory to laboratory. This situation causes significant
problems in a performance-based design environment.

The goal of this project is to identify the needed capabilities of a standard fire resistance test
to support Performance-Based Structural Fire Engineering (PBSFE). A test plan outline to
develop and validate the proposed capabilities, procedures, and instrumentation has been
developed and is included in this report. The test plan outline provides an approach to evaluate
the ability of the recommendations to be implemented, and to evaluate the value added by the
recommendations. The recommendations developed in this report are intended to apply to the
entire range of fire resistive assemblies. However, the accompanying test plan outline utilizes
two common building elements; composite concrete slab/steel beam floor assemblies and
gypsum-protected load bearing steel-stud walls as test beds for the evaluation of the
recommendations. It is intended that such testing will provide a partial basis for the inclusion of
the recommendations into a test standard. It is envisioned that the work will support the ongoing
development of fire resistance test methods in ASTM E 5.

While there is emerging interest in Performance-Based Structural Fire Engineering, it is
understood that the existing test methods that support prescriptive requirements will be needed
for the foreseeable future. It is recognized that some of the recommendations in this report may
be applicable to existing test methods that support current prescriptive design approaches.
Recommendations that may be applicable to existing test methods are summarized in
Section 6.4.

The existing test methods and the listings that have resulted from application of these test
methods are a significant legacy that has served the fire community since the 1920s. The
combination of the test methods, the listings, and prescriptive fire resistance requirements of the

building codes have resulted in very satisfactory overall fire performance of buildings. The goal
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of this work is not to alter this prescriptive-based system. Rather, the goal of this work is to
provide a partial basis for a complementary performance-based system for the provision of
structural fire protection. Given the long history of the prescriptive-based system, discussions of
the provisions of a new performance-based system will inevitably include a juxtaposition of the
properties of the new performance-based system relative to the existing prescriptive-based
system. These juxtapositions inevitably focus on the shortcomings of the prescriptive system
with respect to performance-based design. The simple fact is that the design approaches are
different and have different requirements. It is appropriate for the development of
performance-based methods to grow out of our extensive experience with the prescriptive
system. When elements of the prescriptive system are highlighted as not appropriate for
performance-based design, these are simply expressions of the differences in the requirements of
the two systems and are not appropriately regarded as failures of the prescriptive system. The
prescriptive approach has provided very satisfactory results in application. It is simply hoped that
the performance-based system can provide similarly satisfactory or better results in a more
cost-effective manner.

1.1  Ongoing Developments in Structural Fire Protection Design Methods

In the area of engineered structural fire protection, there are many ongoing organizational
efforts to develop the required design method infrastructure. The Society of Fire Protection
Engineers (SFPE) has a committee working on a standard for determination of the design fire
exposure. SFPE is also in the process of constituting a committee to develop a standard on the
thermal/heat-transfer portion of the design process. The National Fire Protection Association
(NFPA), meanwhile, is developing a standard for fire loads for structural fire protection design.
These committees are coordinating their efforts to produce a suite of documents that collectively
support PBSFE.

While the American Society of Civil Engineers (ASCE) had announced some time ago its
intention to produce a document in the structural portion of the design process, it seems that this
process has not yet materialized (ASCE Committee for Structural Design for Fire Conditions is
charged with development of a Performance-Based Fire Design Standard). There is no doubt
that the SFPE efforts on the heat-transfer portion and ASCE’s efforts on the structural portion
will require data that cannot be obtained using current test methods.

In that vein, there is a task group working within ASTM E 05.11 (Fire Resistance) that is
developing a guidance document for conducting nonstandard furnace tests. All these activities
have European counterparts generally encompassed by the Eurocode suite of documents. Based
upon the various ongoing related activities, there is a genuine need to develop means for
integrating standardized fire resistance test results into the performance-based structural fire
engineering process.

1.2 Outline of the Analysis Approach

The approach to analyzing the recommendations for fire resistance testing in support of
PBSFE begins by reviewing the PBSFE design process. Based upon the needs of PBSFE and the
research literature, recommendations are developed in the areas of heat-transfer/thermal

response, structural performance, and test documentation. The recommendations are first stated,
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and then the basis for the recommendation is developed from the research literature.
Appendix A includes a bibliography of research in structural fire engineering.

20 PERFORMANCE-BASED STRUCTURAL FIRE ENGINEERING (PBSFE)

While the field of Performance-Based Structural Fire Engineering is in the developmental
stage, the overall structure of the process has been well defined for some time. Grosshandler
(2002) outlined the process in summarizing a recent fire resistance workshop. The process
includes both design and analysis components. The analysis components involve the definition
of the design fire exposure, the thermal/mechanical response of the structural assembly
(including any fireproofing materials), and structural response of the structural system. The
broader design processes are shown in Figure 1, including inputs from building code
requirements and inputs from assembly listings. Here we take a broad view of assembly listings
to include any engineering data that can be deduced from the testing involved in the development
of the listing (despite the fact that such test data is not made public by the listing organization or
test sponsors at the current time) or fire resistance testing not associated directly with the listing
process. The recommendations developed in this report are intended to provide additional
engineering information and data from the activity noted in Figure 1 as “Assembly Listing and
Data.” These infrastructure components are shown above the dashed line, while the actual
design portion of the process is shown below the dashed line. The design components include
the architectural and structural designs of the building, which form the basis for the fire
engineering design.

The fire engineering begins with the development of a design fire exposure to the structure.
This normally takes the form of a time-temperature curve based upon the fire load, ventilation,
and thermal properties of the bounding surfaces (walls, floor, and ceiling). Design fire loads are
dependent upon the occupancy and other fire protection features of the building. Significantly,
with respect to furnace testing, the performance of the boundaries to limit fire spread is the
primary component of defining the design fire area. Often the exposed fire area is defined by
boundaries with sufficient fire resistance to prevent fire spread under the design fire load density.
It is significant to note that the time-temperature curves developed in compartment fires most
often exceed the time-temperature curves used in the test methods like ASTM E 119. As noted
by Drysdale (1999), this has been recognized but tacitly accepted since the 1920s in the setting
of prescriptive fire resistance requirements for buildings.

Based upon the architectural and structural designs, the design fire is used to develop the
passive fire protection design. This involves the selection of fire resistive assembly
constructions for use as walls, columns, and floor/ceiling assemblies. The assemblies are
selected to survive the design fire exposure, to be consistent with the architectural/structural
design, and to provide cost-effective protection. It would be normal to develop more than one
set of conceptual designs for further evaluation.

NFPA COMMENTS
NIST WTC 7 REPORT
39 Oé178

HUGHES ASSOCIATES, INC.
60



Building Code Assembly Listing
Requirements and Data

__________________ ll

Architectural Design

Y
—  Structural Design

g

Design Fire Exposure

v

Passive Fire Prot.
Conceptual Design

v

Passive Fire Prot.
Detailed Design

Thermal/Mechanical
Analysis

v

Structural Fire
Performance Analysis

v

2y Evaluate Performance

v

Document
Performance

Figure 1. Performance-based structural fire engineering (PBSFE) design process.
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Detailed design involves the use of thermal/mechanical models to assess the performance of
each conceptual design, resulting in trial protection thicknesses based upon tentative thermal
failure criteria. It is typical to perform two-dimensional heat-transfer analyses, but
three-dimensional analyses are sometimes required. It is significant that existing models cannot
deal with the mechanical performance of the assembly in any substantive manner. Loss of
physical integrity of a material or the assembly cannot be modeled at this time. The designer
relies entirely upon the results of testing to assure that physical integrity is maintained over the
design exposure period. In most cases, the engineer will seek to use materials and assemblies
that can be relied upon to maintain integrity, or alternatively simple, and somewhat ad hoc,
assumptions about material loss are made in the design calculations.

The final analysis process is the prediction of structural performance of the structure under
design loads with the structural elements heated according to the heat-transfer analysis. This
analysis can be performed for individual elements, for the substructure in the fire area, or for the
complete structural system. Typically, multiple analyses are performed with more detailed
analysis at the element level and more basic analysis at the structural system level.

Based upon the performance of the system, redesign may be indicated. This could include
changes to the structural design (especially if changes here could allow removal of fireproofing
altogether), changes in the passive design concept (e.g., change insulating material), or
alterations in the detailed design of the passive fire protection (modify the thicknesses of the
insulation). Other redesign aspects are possible, but these are the most common.

As indicated in Figure 1, the assembly listing and data that is, or could be, included in the
listing documentation can contribute to the passive fire protection design, the thermal/mechanical
analysis, and the structural fire performance analysis. It is important to note that the listing
documentation (e.g., the test report) is not a public document under the current system so that
these can only be used with the assistance of the owner of the listing. In addition, the current
listing may not be directly supported by reported tests. Testing may have been performed with an
old version of the protective material and the current material may be accepted under the listing
based upon the listing agency’s engineering judgment. While this may be satisfactory for
prescriptive use of the product, it has serious limitations with respect to PBSFE.

Other data sources, not shown in Figure 1, also contribute to these design and analysis
processes. These include other published data concerning temperature dependent structural
properties of materials and thermal properties of insulating materials. While some of this data is
produced using standard methods, other data is obtained via ad hoc testing methods.

The analysis methods employed in the design process may vary from special purpose
software to general heat-transfer or structural analysis software. Some software is developed by
the designer, some is developed by government laboratories, and some is commercial software.
There is a specific need to address applicability, validation, and verification of these methods for
use in specific Performance-Based Structural Fire Engineering (PBSFE) designs.

It is the vision of this report that a fire resistance test in support of PBSFE should be a part of
the validation and verification (V&V) basis for the application of analysis tools to specific fire

resistance designs. All needed data to support the analysis should be developed through tests
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designed for that purpose (e.g., thermal properties and structural properties). The furnace test
should be conducted and instrumented to provide high quality data and boundary conditions to
form a data set that can be predicted using the analysis tools. The successful prediction of the
test would form a partial basis for demonstrating the applicability of the models to the particular
fire resistance design. The test would further identify any mechanical behaviors such as erosion,
cracking, spalling, shrinkage, fastener failures, warpage, and other behaviors that need to be
mitigated in the design or accommodated in the design calculations.

There is a wide range of testing and reporting aspects of standard fire test methods that are
required to support PBSFE. These include simple characterization of the test article and the
properties of the component materials, as well as substantive measurements made and the
conduct of the test itself. It has been recognized for many decades that realistic fire exposures
can exceed the exposure in ASTM E 119 and that the exposure conditions to the assembly vary
among furnaces operated in a manner consistent with existing test methods. There is also a need
to develop and validate thermal properties of insulating materials and the methods and
instrumentation of standard test methods to support PBSFE. There are definite unresolved issues
concerning the structural conduct of the test to assure that the results are applicable to longer
spans and connections found in actual construction. This brings to the fore issues of structural
scaling laws, and the use of structural rather than thermal endpoints for the test. Issues also exist
with the conduct of the test with respect to failure criteria. Valuable failure mode data can be
provided by the practice of “testing to failure.” These and other issues have received varying
levels of attention in the testing and research literature. There is no doubt that a new fire
resistance test method can become a valuable tool in PBSFE design. The recommendations
included in the following sections are in support of this objective.

3.0 TEST METHOD RECOMMENDATIONS - THERMAL/HEAT-TRANSFER

The test requirements with respect to the thermal aspects of the test method involve
measurements/instrumentation, furnace-operating conditions, and test documentation. These
requirements relate to the representation of realistic fire exposures and production of data that
can directly support PBSFE. The recommendations are followed by a discussion of the issue and
the basis for the recommendation.

Heat-transfer analysis through an assembly exposed to fire conditions must be conducted
using models that have been verified and validated (V&V) with data that is representative of the
expected fire conditions. Guidance is provided in this section of the report to develop a furnace
test that generates thermal response data that can be used to V&V heat-transfer models. Data
collected will provide a means for engineers to V&V models for predicting the variables of
potential concern in a fire resistance simulation including temperature profiles through the
assembly, temperature rise of an item placed against the unexposed side of the assembly, and
total heat flux off the unexposed side and/or through transparent portions of the assembly.

Furnace construction and control are detailed to provide a consistent, repeatable exposure
that minimizes the effects of test article construction on the exposure conditions. A furnace
calibration test is recommended to quantify the thermal exposure onto a test article. This should
be done through the measurement of total heat fluxes from the furnace onto the test article as

well as the thermal response of noncombustible boards with known thermal properties. With this
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data, heat-transfer models can be used to predict temperature profiles through the
noncombustible boards, demonstrating the capability of the model to predict heat transmission
due to a furnace exposure. These procedures minimize furnace-to-furnace differences and
provide a basis for validating the model performance with the furnace to be used to test the
assembly to be used in PBFPE. This procedure will directly support round-robin comparisons of
furnaces to insure the consistent application of the test method among laboratories.

The recommended furnace exposure conditions are based on an upper bound of conditions
that have been measured in compartment fire testing, including temperature, pressure, and
oxygen levels. By conducting tests at the upper bound of possible conditions, the performance
of the assembly has been evaluated over the range of potential fire exposures. The use of an
upper-bound exposure condition to evaluate materials or assemblies will provide some assurance
that for most materials, performance under a less severe exposure will not result in a degradation
of performance. When extrapolating performance from one fire exposure to a more severe fire
exposure, there are no assurances that the performance of materials or assemblies will be
predictable. Some materials may perform well at elevated temperatures, while other materials
may expand, contract, warp, spall, change phase, debond, or crack, and fasteners may fail.
Materials may lose integrity and fall off from the surface. Many of these phenomena and failure
modes cannot be predicted using the current state-of-the-art models. Therefore, testing products
at the upper bound of temperature level expected is currently the only way to demonstrate the
overall performance of a material.

A model that is validated against this upper-bound exposure data will also be demonstrated to
be appropriate for predicting the thermal response of the assembly over the range of exposures.
Temperature data can be used to demonstrate that the thermal properties being used in the heat-
transfer analysis are appropriate. In cases where material failures occur (i.e., fall off the exposed
side), the through-thickness temperature data can be used to understand when such failures may
occur and data could be used to assist in developing/validating constitutive models to predict
these failures. Through model validation with the calibration test, as well as the test on the
actual assembly, the heat-transfer model could be used with confidence to predict thermal
response of the assembly during compartment fire exposures.

3.1 Instrumentation
3.1.1 Furnace Temperature Control

Recommendation T-1: Plate thermometers should be used to measure furnace
temperature and control the furnace exposure. There should be nine plate thermometers
equally distributed across the test specimen surface. Plate thermometers are typically
placed 0.10 m (4 in.) away from the sample; however, a larger spacing is desired to
prevent them from potentially being damaged by failing test articles. Testing needs to be
performed to demonstrate that a larger spacing does not affect the thermometer
measurement.

Engineers need a repeatable furnace exposure that is as independent as possible from the test
article construction and the furnace details. This will allow modelers to use the thermal exposure
calibration test described in Section 3.2 as, gpt&acsésl,vl LoErNtTrge thermal exposure in all tests. In order

NIST WTC 7 REPORT
43 0.5178

HUGHES ASSOCIATES, INC.
64



to provide a repeatable furnace exposure, the furnace temperature measurement used to control
the furnace should not be sensitive to test article construction and furnace details.

Plate thermometers have been documented to provide a more repeatable exposure furnace-to-
furnace and within the same furnace with different types of test articles. Based on analysis by
Babrauskas and Williamson (1978), Wickstrom (1989, 1997) developed the plate thermometer to
provide a temperature measurement that had no radiative view of the test article, to remove the
variation due to thermocouple design and bead size, to reduce the effects of variations in furnace
construction, and to result in a heat-transfer coefficient similar to a test specimen.

Plate thermometers have been shown to minimize the variation in exposure measured within
different furnaces. Testing with different furnaces has demonstrated that using plate
thermometers to control furnace temperature reduces the effects of different furnace linings (van
der Luer and Twilt, 1999, Harada et al., 1997, Davies and Dewhurst, 1996, Cooke, 1994),
furnace depths (Harada et al., 1997, Fromy and Curtat, 1999, Cooke, 1994), and furnace gas
emissivity through burning different fuels (Cooke, 1994, Harada et al., 1997, Fromy and Curtat,
1999). Testing has also demonstrated that plate thermometers provide a more consistent thermal
exposure, independent of the thermal properties of the test specimen (van de Leur and Twilt,
1999).

The thermal exposure produced when the furnace exposure is controlled using plate
thermometers has been shown to be less severe than furnaces controlled using shielded
thermocouples in the early portions of the test (up to about 10 minutes), but more severe than
furnaces controlled with bare thermocouples throughout the test. Compared with shielded
thermocouples, Sultan (2006) determined that controlling the furnace with plate thermometers
produced a less severe exposure during the initial 10 minutes of the test, but thereafter the
exposures were similar. Compared with furnaces controlled with bare thermocouples, van der
Leur and Twilt (1999) measured that furnaces controlled by plate thermometers resulted in
higher temperatures (as measured using 1-mm diameter sheathed thermocouples) during the
entire test, compared with temperatures measured when the furnace was controlled with 1-mm
sheathed thermocouples.

Plate thermometers are typically placed 0.10 m (4 in.) from the specimen surface. This is
done to keep the thermometer as close as possible to the test article so that the thermometer is
measuring the exposure seen by the test article. In performing tests to failure, test articles may
deflect more than 0.10 m (4 in.) into the furnace, which could potentially damage plate
thermometers. As a result, plate thermometers need to be located as much as 0.30 m (12 in.)
from the test article to allow room for it to deflect and fail. Wickstrom (1998) states that the
location of the plate thermometer away from the test article is not expected to influence the plate
thermometer furnace temperature measurement. Testing is recommended to verify that the plate
thermometer measurement is not significantly influenced by the increased offset from the test
article.

Furnace Differential Pressure

Recommendation T-2: Tests should be performed with a positive furnace pressure

(relative to laboratory conditions) across the entire test article. All furnace pressures
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should be measured using the tube sensor provided in ISO 834 and EN1363-1. In a
vertical furnace, pressure should be measured at the bottom and top of the test specimen.
The neutral plane in the furnace should be maintained at the bottom of the test specimen
with no limit on the pressure at the top of the specimen. In a horizontal furnace, the
furnace pressure should be measured at one location and maintained at a minimum of
20 Pa. Pressure tube sensors should be located at the same distance away from test
articles as the plate thermometers.

Fully-developed fires will always produce a positive pressure gradient across ceilings and a
majority of the boundary height relative to ambient conditions. In these areas of positive
pressure, hot gases are driven through small openings that develop in the assembly causing
damage to the internal portions of the assembly. Hot gas migration through the assembly may
also give rise to ignition on the unexposed side of the assembly in these local areas of weakness.
As a result, it is recommended that furnace tests be performed with a positive furnace pressure so
that the effects of hot gas transmission through the assembly can be observed.

The differential pressure between ambient and a compartment containing a hot gas layer will
vary due to hydrostatics through the following relation,

AP =glp, - p,h 1)

where g is the gravitational constant (9.81 m/s?), px is the gas density inside the fire
compartment, p, is the ambient gas density at the same elevation, h is the elevation above a
datum where the pressure between ambient and the compartment is equal (i.e., neutral plane)
(m). Applying the ideal gas law to Equation (1), the differential pressure can be transformed into
a function of temperature,

1 1
AP =352.89| ———|n 2
fr: o

f a

with Ty being the gas temperature inside the fire compartment (K), T, being the ambient gas
temperature (293 K), and the coefficient 352.8 kg/m*-K being the reference density multiplied by
the reference temperature.

In a compartment fire, the differential pressure per unit height above the neutral plane will be
7.5-9.0 Pa/m with a temperature of 800-1200°C, respectively. From 1SO 834 and EN1363-1,
furnaces have a similar increase in differential pressure with height (8-8.5 Pa/m); though this
will obviously be a function of temperature inside the furnace. In vertical furnace tests, there
will be a pressure distribution along the height of the test article. As a result, it is recommended
that pressure be measured at two elevations within the furnace to quantify the pressure gradient
within the furnace during the test.

At an elevation 2.4 m (8 ft) above the neutral plane of a compartment fire, the pressure will
be approximately 18-22 Pa for gas temperatures in the range of 800-1200°C. These pressures
are similar to the 20 Pa pressure recommended in ISO 834 and EN 1363-1 for horizontal

furnaces. In vertical furnace tests, 1ISO 834 and EN 1363-1 stipulate that the neutral plane inside
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the furnace should be located 0.50 m above the bottom test article but the pressures at the top of
the test article should not be greater than 20 Pa. When necessary, the neutral plane inside the
furnace will be moved upward to ensure that the pressure at the top of the test article does not
exceed 20 Pa. In real fires, elevations along a wall greater than 2.4 (8 ft) above the neutral plane
can have pressures in excess of 20 Pa when gas temperatures range from 800-1200°C.
Therefore, in wall tests it is recommended that the entire wall be kept at positive pressure (i.e.,
neutral plane at the bottom of the test article) with no limit on the pressure at the top of the test
article.

In furnace tests, it is recommended that the differential furnace pressure be positive across
the entire test article. The furnace differential pressure should be measured through a furnace
pressure measurement and a laboratory pressure measurement at the same elevation. The
furnace pressure should be measured using the tube sensor provided in ISO 834 and EN1363-1.
The tube sensor should be located inside the furnace where it will not be subject to direct
impingement of the convection currents from flames or in the path of the exhaust gases directly
out of the burners. Pressure tubes should be horizontal both in the furnace and as they exit
through the furnace wall, making the tubing elevation the same both on the inside and outside of
the furnace. Any vertical section of tube should be at room temperature. In a vertical furnace,
pressure should be measured at the bottom of the test specimen and the top of the test specimen.
The neutral plane in the furnace should be maintained at the bottom of the test specimen with no
limit on the pressure at the top of the specimen. In a horizontal furnace, the furnace pressure
should be measured at one location immediately below the test assembly and maintained at a
minimum of 20 Pa. Pressure tube sensors should be located at the same distance away from test
articles as the plate thermometers.

Furnace Oxygen Concentration

Recommendation T-3: Furnace oxygen concentration should be measured in the furnace
stack and maintained at greater than 6% during the test. Gas samples should be
continuously drawn out of the duct through a sampling line and measured using a
paramagnetic type oxygen analyzer. The recommended sampling probe should be
similar to the sampling probe used in duct measurements of hood calorimeters.

A range of oxygen levels may 