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Whitepaper on Fire Resistance of Above Grade Oculus Steel

Purpose:

Section 27-271 and Table 3-4 of the 1968 NYC Building Code specify a 1-1/2 hour fire
resistance rating for columns, girders, trusses and framing supporting one floor in Class
1-C Construction. The Upper Portal Frames, of the above grade portion of the Oculus
structure, have been classified as columns and therefore must achieve a 1-1/2 hour fire
resistance. This whitepaper presents an alternative engineering approach to demonstrate
an equivalency to the 1-1/2 hour fire resistance requirement for the Upper Portal Frame
of the Oculus structure.
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This approach is based upon AISC’s “Specification for Structural Steel Buildings,
Appendix 4: Structural Design for Fire Conditions, 2010” (Attachment 2). Following are
two excerpts from that document;
o “Structural components, members and building frame systems shall be designed
50 as to maintain their load-bearing function during the design-basis fire and to
satisfy other performance requirements specified for the building occupancy.”
o “The analysis methods in Section 4.2 are permitted to be used to demonstrate an
equivalency for an alternative material or method, as permitted by the applicable
building code.”

A recent article by ARUP, "Structural Design for Fire Conditions”, Modern Steel
Construction, April 2010, (Attachment 3), provides an overview and case studies of the
alternative engineering approach.
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The Project is designed to be in conformance with the New York City Building Code
(NYCBC) of 1968 as amended through 2003 and this alternative approach is being
presented in accord with the following provisions of that code;
e “27-104 Interpretation. — This code shall be liberally interpreted to secure the
beneficial purposes thereof. ......
e “27-107 Variations. — The requirements and standards prescribed in this code
shall be subject to variation in specific cases by the commissioner, or by the board
of standards and appeals,....”

The current NYCBC (2008) is more specific regarding alternative approaches to fire
resistance:
*703.3 Alternative methods for determining fire resistance.
The application of any of the alternative methods listed in this section shall be
based on the fire exposurce and acceptance criteria in ASTM E 119. The required
fire resistance of a building element shall be permitted to be established by any of
the following methods or procedures:
1. Fire-resistance designs documented in approved sources.
2. Prescriptive designs of fire-resistance-rated building elements as
prescribed in Section 720.
3. Calculations in accordance with Section 721.
4. Engineering analysis based on a comparison of building element designs
having fire-resistance ratings as determined by the test procedures set forth
in ASTME 119.
5. Alternative protection methods as allowed by Section 104.1.”

Project Description and Design Criteria:

Design-Basis Fire Sizes per the Project’s Basis of Design Report (BDR) Revision S,
September 14, 2009, are as follows;

e Platform Level Train Fire: 10MW.

e PATH Hall Fire: 2 MW.

e West St. Concourse fire: 2 MW,

o Transit Hall Level Fire: 2 MW,

e Upper Transit Hall Level Fire: 2 MW.

e Concourses Fire: 2 MW.

The Upper Portal Frames are part of the structure of the Transit Hall. The design-basis
fire for use in analysis is therefore 2 MW, equivalent to a non-sprinklered kiosk of no
more than 30 square feet area. The Transit Hall is the HUB’s principal public circulation
space within the cast ‘bathtub’ and the two principal floor levels are equipped with a ring
of sprinklers separating the high bay portion of the Hall from the adjacent retail use at
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those levels. The design-basis fire has been utilized throughout the project’s development
in analysis of life safety systems, including CFD studies of smoke and heat generation
within the Transit Hall.

The Transit Hall’s above grade structure also includes purlins, rafters, rafter/portal
transition elements and arches (see sketches), which are non-combustible and do not
require a fire resistance rating in accordance with NYCBC 1968, Table 3-4, for
Construction Group 1-C, being components of Roof Construction 20 feet or more above
the floor to lowest member or non-bearing exterior wall construction. The Lower Portal
Frames (that portion of the Portal Frame below the elevation of the plaza) are fire
resistance rated with an intumescent fire protective coating.

All other structural steel below plaza level is specified to be fire proofed in accordance
with NYCBC Table 3-4, see Attachment 4.

The Transit Hall structure also meets the Project’s Security Performance Criteria (SPC)
for limiting damage to the structure and preventing progressive collapse. Extensive
analysis of the SPC specified threats on the behavior and performance of the structure has
been performed. The resultant structural design therefore exceeds the requirements of the
normal applied structural loads for wind, live, snow, etc and is “robust”.

Status: ARUP as consultant to DDP performed CFD analyses of the design basis fire in
the Transit Hall, for the purposes of smoke exhaust system design. A product of those
analyses has been determination of the temperature gradient resultant in the Transit Hall
due to a single ZMW fire occurring at various locations. Additional analysis of the Upper
Portal Frame, when subject to the design basis fire size was performed, to determine, per
AISC Appendix 4, if a fire protective coating of the Upper Portal Frame is required.

Analysis Findings:

“....the strength of the steel portal frame members is not expected to be reduced
as a result of the calculated fire exposures. For all fire scenarios considered, the
average temperature of the steel will never exceed 105 °C, as demonstrated by
CFED analysis. Therefore', a factor of safety of at least 3.8 is maintained relative
to the point at which steel strength begins to deteriorate (400* C). When
compared to ASTM failure criteria (538*C), a factor of safety of at least 5.1 is
provided. The analysis, therefore, justifies the omission of applied fire protective
coatings on the portions of the steel portal frames more than 33’ to 47’ above the
Transit Hall elevation of 274°.”

'nserted

See Attachment 1 for ARUP’s “Structural Fire Engineering Analysis”, dated February
25,2011.
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Conclusion: The inherent fire resistance of the steel assembly comprising the Upper
Portal Frame provides equivalency to the NYCBC specified 1-1/2 hour fire resistance
without addition of a fire protective coating for the Project’s established fire conditions.

Prepared by: M. Garz
Reviewed by: S MclIntyre
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Attachment 1
“World Trade Center Transportation HUB
Structural Fire Engineering Analysis”
ARUP, February 25, 2011
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February 25, 2011

Dear Vadim

World Trade Center Transportation Hub
Structural Fire Engineering Analysis

This letter summarizes our review and recommendations regarding the possible omission
of applied structural fireproofing on portions of the steel portal frame assemblies in the
WTC Transit Hall. This letter and our analysis are applicable only to portions of these
members 33 to 47° above the Transit Hall elevation of 274’, as shown in Attachment A.

Analysis of Temperatures near Structural Members

We have reviewed our previous computational fluid dynamics (CFD) analysis results for a
fire occurring at the Lower Concourse (el. 274°) beneath the balcony overhang of the
Upper concourse (el. 296°) in order to determine expected maximum temperature
exposures for the portal frame structural members. We have extended that analysis to
review the thermal impacts of additional credible fire locations — namely fires originating
at the upper concourse level and at the lower concourse level directly beneath the lowest
point of the unprotected portion of the portal frame assemblies.

The 2,000 kW design fires used in the analysis are in accordance with the white paper
Design Fire Size for Transportation Hub other than Platform Areas. No attenuation of the
fire heat release rate due to sprinkler spray has been accounted for in this analysis. Also,
all model surfaces were assumed adiabatic in order to maximize the resulting air
temperatures.

Attachment B to this letter provides the results of our review of temperatures near the steel
portal frame assemblies. The maximum temperature observed near the surface of these
members in the range of elevations where omission of intumescent fireproofing is
proposed is 105°C (221°F) resulting from an axi-symmetric fire located directly below the
members on the Lower Concourse (see Figure B.4).
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The average steel temperature can be expected to approach the ambient air temperature
adjacent to the member over a long duration fire, though there will be a time delay or lag.
Assuming that the steel temperature is equal to the adjacent air temperature introduces a
factor of safety during the early portions of a fire. Given the assumption that the fire does
not undergo a decay phase such that the heat release rate remains constant over the
duration of the potential exposure, the average steel temperature will approach but not
exceed the maximum predicted air/smoke temperatures.

Effects of Elevated Temperatures on Steel Members

The AISC Specification for Structural Steel Buildings (2010), Appendix 4, Table A-4.2.1,
states that the strength of structural steel does not change over a temperature range from
ambient to approximately 400°C (750°F). Above this temperature, the strength begins to
decrease. The figure below shows the strength of steel as a function of temperature.
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Figure 1 — Steel Strength as a Function of Steel Temperature

The vertical green line in this figure denotes the maximum predicted air/smoke
temperature adjacent to the steel: 105°C. As discussed previously, the average temperature
of the steel will not exceed this predicted maximum. At 105 °C, the steel is expected to
retain up to 100% of its strength. For reference, the average temperature failure criteria
for steel columns established by ASTM E119-10b (2010), 538°C (1000°F), is also shown.

Conclusions

Based on the analysis discussed here, the strength of the steel portal frame members is not
expected to be reduced as a result of the calculated fire exposures. For all fire scenarios
considered, a factor of safety of at least 3.8 is maintained relative to the point at which
steel strength begins to deteriorate (400 °C). When compared to ASTM failure criteria
(538 °C), a factor of safety of at least 5.1 is provided. The analysis, therefore, justifies the
omission of applied fire protective coatings on the portions of the steel portal frames more
than 33’ to 47° above the Transit Hall elevation of 274'. Portions of the portal frame
assemblies above the entrance levels at grade level will require separate consideration.
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Yours sincerely,
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Attachment A — Extent of Omission of Intumescent Fireproofing

The image below depicts areas of the steel portal frame assemblies from which omission of
intumescent fireproofing is proposed. This image also indicates areas where sprinkler
protection is provided.
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Figure A.1. Proposed Extent of Omission of Fireproofing
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Attachment B — Analysis of Temperatures near Structural Members

The chart below depicts air/smoke temperatures at a range of elevations directly above a
fire located on the Lower Concourse (274°-0” elevation). The structural members for
which omission of applied fireproofing is proposed occur between 10.0 and 14.5 m above
the Lower Concourse.
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Figure B.1. Predicted Centerline Plume Temperatures above a 2,000 kW Axi-Symmetric Fire Located
at the Lower Concourse
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Figure B.2. Air/Smoke Temperatures Derived from CFD Modeling Near Portal Frame for 2,000 kW
Balcony Spill Fire at the Upper Concourse
(the orange ray indicates the approximate line of temperature sampling points)
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Heht Abrove Noor (Level 274 §{m])

Terperature (]
Figure B.3. Air/Smoke Temperatures Derived from CFD Modeling Near Portal Frame for 2,000 kW
Balcony Spill Fire at Lower Concourse
(the oranue ray indicates the approximate line of temperature sampling points)
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Figure B.4. Air/Smoke Temperatures Derived from CFD Modeling Near Portal Frame for a 2,000 kW
Axi-Symmetric Fire at the Lower Concourse
(the orange ray indicates the approximate line of temperature sampling points)
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Attachment 2
AISC “Specification for Structural Steel Buildings, June 22, 2010
Appendix 4 Structural Design for Fire Conditions”
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APPENDIX 4

STRUCTURAL DESIGN FOR FIRE CONDITIONS

4.1.

4.1.1.

4.1.2.

GENERAL PROVISIONS

Appendix 4 provides structural engineers with criteria for designing steel-framed
building systems and components, including columns, and floor and truss assem-
blies, for fire conditions. Additional guidance is provided in this Commentary.
Compliance with the performance objective in Section 4.1.1 can be demonstrated
by either structural analysis or component qualification testing.

Thermal expansion and progressive decrease in strength and stiffness are the pri-
mary structural responses to elevated temperatures that may occur during fires. An
assessment of a design of building components and systems based on structural
mechanics that allows designers to address the fire-induced restrained thermal
expansions, deformations and material degradation at elevated temperatures can
lead to a more robust structural design for fire conditions.

Performance Objective

The performance objective underlying the provisions in this Specification is that
of life safety. Fire safety levels should depend on the building occupancy, height
of the building, the presence of active fire mitigation measures, and the effec-
tiveness of fire-fighting. Three limit states exist for elements serving as fire
barriers (compartment walls and floors): (1) heat transmission leading to unac-
ceptable rise of temperature on the unexposed surface; (2) breach of barrier due
to cracking or loss of integrity; and (3) loss of load-bearing capacity. In general,
all three must be considered by the engineer to achieve the desired performance.
These three limit states are interrelated in fire-resistant design. For structural ele-
ments that are not part of a separating element, the governing limit state is loss of
load-bearing capacity.

Specific performance objectives for a facility are determined by the stakeholders
in the building process, within the context of the above general performance objec-
tive and limit states. In some instances, applicable building codes may stipulate
that steel in buildings of certain occupancies and heights be protected by fire-
resistant materials or assemblies to achieve specified performance goals.

Design by Engineering Analysis

The strength design criteria for steel beams and columns at elevated temperatures
have been revised from the 2005 Specification for Structural Steel Buildings
(AISC, 2005a) to reflect recent research (Tagaki and Deierlein, 2007). These
strength equations do not transition smoothly to the strength equations used to
design steel members under ambient conditions. The practical implications of the
discontinuity are minor, as the temperatures in the structural members during a

Specification for Structural Steel Buildings, June 22,2010
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4.14.

GENERAL PROVISIONS [Comm. 4.1.

fully developed fire are far in excess of the temperatures at which this disconti-
nuity might otherwise be of concern in design. Nevertheless, to avoid the
possibility of misinterpretation, the scope of applicability of the analysis methods
in Section 4.2 of Appendix 4 is limited to temperatures above 400 °F (204 °C).

Structural behavior under severe fire conditions is highly nonlinear in nature as a
result of the constitutive behavior of materials at elevated temperatures and the rel-
atively large deformations that may develop in structural systems at sustained
elevated temperatures. As a result of this behavior, it is difficult to develop design
equations to ensure the necessary level of structural performance during severe
fires using elastically based ASD methods. Accordingly, structural design for fire
conditions by analysis should be performed using LRFD methods, in which the
nonlinear structural actions arising during severe fire exposures and the tempera-
ture-dependent design strengths can be properly taken into account.

Load Combinations and Required Strength

Fire safety measures are aimed at three levels: (1) to prevent the outbreak of fires
through elimination of ignition sources or hazardous practices; (2) to prevent
uncontrolled fire development and flashover through early detection and suppres-
sion; and (3) to prevent loss of life or structural collapse through fire protection
systems, compartmentation, exit ways, and provision of general structural integrity
and other passive measures. Specific structural design provisions to check struc-
tural integrity and risk of progressive failure due to severe fires can be developed
from principles of structural reliability theory (Ellingwood and Leyendecker,
1978; Ellingwood and Corotis, 1991).

The limit state probability of failure due to fire can be written as
P(F)=P(F\D,Iy P(DII) P(I) (C-A-4-1)

where P(I) = probability of ignition, P(DII) = probability of development of a
structurally significant fire, and P(F1D,I) = probability of failure, given the occur-
rence of the two preceding events. Measures taken to reduce P{I) and P(DI{) are
mainly nonstructural in nature. Measures taken by the structural engineer to design
fire resistance into the structure impact the term P(FID,{).

The development of structural design requirements requires a target reliability
level, reliability being measured by P(F) in Equation C-A-4-1. Analysis of relia-
bility of structural systems for gravity dead and live load (Galambos et al., 1982)
suggests that the limit state probability of individual steel members and connec-
tions is on the order of 107 to 10~* per year. For redundant steel frame systems,
P(F) is on the order of 107 to 1075. The de minimis risk, that is, the level below
which the risk is of regulatory or legal concern and the economic or social bene-
fits of risk reduction are small, is on the order of 1077 to 10° per year
(Pate-Cornell, 1994). If P(J) is on the order of 10~ per year for typical buildings
and P(DI!) is on the order of 107 for office or commercial buildings in urban areas
with suppression systems or other protective measures, then P(FI|D,I) should be
approximately 0.1 to ascertain that the risk due to structural failure caused by fire
is socially acceptable.

Specification for Structural Steel Buildings, June 22,2010
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4.2.
4.2.1.

4.2.1.1.

4.2.1.2.

The use of first-order structural reliability analysis based on this target (condi-
tional) limit state probability leads to the gravity load combination presented as
Equation A-4-1. Load combination Equation A-4-1 is similar to Equation 2.5-1
that appears in ASCE/SEI 7-10 (ASCE, 2010), where the probabilistic bases for
load combinations for extraordinary events is explained in detail. The factor 0.9 is
applied to the dead load when the effect of the dead load is to stabilize the struc-
ture; otherwise, the factor 1.2 is applied. The companion action load factors on L,
and S in that equation reflect the fact that the probability of a coincidence of the
peak time-varying load with the occurrence of a fire is negligible (Ellingwood and
Corotis, 1991).

The overall stability of the structural system is checked by considering the effect
of a small notional lateral load equal to 0.2% of the story gravity force, as defined
in Section C2.2, acting in combination with the gravity loads. The required
strength of the structural component or system designed using load combination
A-4-1 is on the order of 60% to 70% of the required strength under full gravity or
wind load at normal temperature.

STRUCTURAL DESIGN FOR FIRE CONDITIONS BY ANALYSIS

Design-Basis Fire

Once a fuel load has been agreed upon for the occupancy, the designer should
demonstrate the effect of various fires on the structure by assessing the tempera-
ture-time relationships for various ventilation factors. These relations may result
in different structural responses, and it is useful to demonstrate the capability of
the structure to withstand such exposures. The effects of a localized fire should
also be assessed to ascertain that local damage is not excessive. Based on these
results, connections and edge details can be specified to provide a structure that is
sufficiently robust.

Localized Fire

Localized fires may occur in large open spaces, such as the pedestrian area of
covered malls, concourses of airport terminals, warehouses, and factories, where
fuel packages are separated by large aisles or open spaces. In such cases, the radi-
ant heat flux can be estimated by a point source approximation, requiring the heat
release rate of the fire and separation distance between the center of the fuel pack-
age and the closest surface of the steelwork. The heat release rate can be
determined from experimental results or may be estimated if the mass loss rate
per unit floor area occupied by the fuel is known. Otherwise, a steady-state fire
may be assumed.

Post-Flashover Compartment Fires

Caution should be exercised when determining temperature-time profiles for
spaces with high aspect ratios, for example, 5:1 or greater, or for large spaces;
for example, those with an open (or exposed) floor area in excess of 5,000 ft?
(465 m?). In such cases, it is unlikely that all combustibles will burn in the space
simultaneously. Instead, burning will be most intense in, or perhaps limited to,

Specification for Structural Steel Buildings, June 22, 2010
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4.2.1.3.

4.2.14.

4.2.2.

STRUCTURAL DESIGN FOR FIRE CONDITIONS BY ANALYSIS [Comm. 4.2.

the combustibles nearest to a ventilation source. For modest-sized compartments
with low aspect ratios, the temperature history of the design fire can be determined
by algebraic equations or computer models, such as those described in the SFPE
Handbook of Fire Protection Engineering (SFPE, 2002).

Caution should be exercised when determining the fire duration for spaces with
high aspect ratios, for example, 3:1 or greater, or for large spaces, for example,
those with a floor area in excess of 5,000 ft* (465 m?). The principal difficulty lies
in obtaining a realistic estimate for the mass loss rate, given that all combustibles
within the space may not be burning simultaneously. Failure to recognize uneven
burning will result in an overestimation of the mass burning rate and an underes-
timation of the fire duration by a significant margin. Note: some computation
methods may implicitly determine the duration of the fire, in which case the cal-
culation of mass loss rate is unnecessary.

Where a parametric curve is used to define a post-flashover fire, the duration is
determined by means of the fuel versus ventilation provisions, not explicitly by
loss of mass. This clause should not limit the use of temperature-time relationships
to those where duration is calculated, as stated above, as these tend to be localized
fires and external fire.

Exterior Fires

A design guide is available for determining the exposure resulting from an exte-
rior fire (AISI, 1979).

Active Fire Protection Systems

Due consideration should be given to the reliability and effectiveness of active fire
protection systems when describing the design-basis fire. When an automatic
sprinkler system is installed, the total fuel load may be reduced by up to 60%
[Eurocode 1 (CEN, 1991)]. The maximum reduction in the fuel load should be
considered only when the automatic sprinkler system is considered to be of the
highest reliability; for example, reliable and adequate water supply, supervision of
control valves, regular schedule for maintenance of the automatic sprinkler system
developed in accordance with NFPA (2002a), or alterations of the automatic sprin-
kler system are considered any time alterations for the space are considered.

For spaces with automatic smoke and heat vents, computer models are available to
determine the smoke temperature (SFPE, 2002). Reduction in the temperature pro-
file as a result of smoke and heat vents should only be considered for reliable
installations of smoke and heat vents. As such, a regular maintenance schedule for
the vents needs to be established in accordance with NFPA (2002b).

Temperatures in Structural Systems under Fire Conditions

The heat transfer analysis may range from one-dimensional analyses where the
steel is assumed to be at uniform temperature to three-dimensional analyses. The
uniform temperature assumption is appropriate in a “lumped heat capacity analy-
sis” where a steel column, beam or truss element is uniformly heated along the
entire length and around the entire perimeter of the exposed section and the

Specification for Structural Steel Buildings, June 22, 2010
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protection system is uniform along the entire length and around the entire perime-
ter of the section. In cases with nonuniform heating or where different protection
methods are used on different sides of the column, a one-dimensional analysis
should be conducted for steel column assemblies. Two-dimensional analyses are
appropriate for beams, bar joists or truss elements supporting floor or roof slabs.

Heat transfer analyses should consider changes in material properties with increas-
ing temperature for all materials included in the assembly. This may be done in the
lumped heat capacity analysis using an effective property value, determined at a
temperature near the estimated mid-point of the temperature range expected to be
experienced by that component over the duration of the exposure. In the one- and
two-dimensional analyses, the variation in properties with temperature should be
explicitly included.

The boundary conditions for the heat transfer analysis shall consider radiation heat
transfer in all cases and convection heat transfer if the exposed element is sub-
merged in the smoke or is being subjected to flame impingement. The presence of
fire resistive materials in the form of insulation, heat screens, or other protective
measures shall be taken into account, if appropriate.

Lumped Heat Capacity Analysis. This first-order analysis to predict the tempera-
ture rise of steel structural members can be conducted using algebraic equations
iteratively. This approach assumes that the steel member has a uniform tempera-
ture, applicable to cases where the steel member is unprotected or uniformly
protected (on all sides), and is exposed to fire around the entire perimeter of the
assembly containing the steel member. Caution should be used when applying this
method to steel beams supporting floor and roof slabs, as the approach will over-
estimate the temperature rise in the beam. In addition, where this analysis is used
as input for the structural analysis of a fire-exposed steel beam supporting a floor
and roof slab, the thermally induced moments will not be simulated as a result of
the uniform temperature assumption.

Unprotected Steel Members. The temperature rise in an unprotected steel section
in a short time period is determined by:

=——(Tp = T;) At (C-A-4-2)

The heat transfer coefficient, a, is determined from
a=dac+a (C-A-4-3)

where
a. = convective heat transfer coefficient
a, = radiative heat transfer coefficient, given as:

567x10 %5/ 4 4
W B e WY C-A-4-4
¢ Tr —Ts (z# ~73) ( )
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TABLE C-A-4.1
Guidelines for Estimating ¢
Type of Assembly EF
Column, exposed on all sides 0.7

Floor beam: Embedded in concrete floor slab, with only bottom
flange of beam exposed to fire 0.5

Floor beam, with concrete slab resting on top flange of beam

Flange width-to-beam depth ratio = 0.5 0.5
Flange width-to-beam depth ratio < 0.5 0.7
Box girder and lattice girder 0.7

For the standard exposure, the convective heat transfer coefficient, a., can be
approximated as 25 W/m2-°C [4.4 Btu/(ft*-hr-°F)]. The parameter, £, accounts for
the emissivity of the fire and the view factor. Estimates for €, are suggested in
Table C-A-4.1.

For accuracy reasons, a maximum limit for the time step, At, is suggested as 5 s.

The fire temperature needs to be determined based on the results of the design fire
analysis. As alternatives, the standard time-temperature curves indicated in ASTM
E119 (ASTM, 2009d) for building fires or ASTM E1529 (ASTM, 2006) for petro-

chemical fires may be selected.

Protected Steel Members. This method is most applicable for steel members with
contour protection schemes, in other words, where the insulating or (protection)
material follows the shape of the section. Application of this method for box pro-
tection methods will generally result in the temperature rise being overestimated.
The approach assumes that the outside insulation temperature is approximately
equal to the fire temperature. Alternatively, a more complex analysis may be con-
ducted which determines the exterior insulation temperature from a heat transfer
analysis between the assembly and the exposing fire environment.

If the thermal capacity of the insulation is much less than that for the steel, such
that the following inequality is satisfied:

sW/D > 2d,p,cp (C-A-4-5)

Then, Equation C-A-4-6 can be applied to determine the temperature rise in the
steel:

kp

csdp[%)(TF _
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It the thermal capacity of the insulation needs to be considered (such that the
inequality in Equation C-A-4-5 is not satisfied), then Equation C-A-4-7 should be
applied:

kp TF“TS

"4, c{%)+ cppzpdp

Ar (C-A-4-T7)

The maximum limit for the time step, Az, should be 5 s.

Ideally, material properties should be considered as a function of temperature.
Alternatively, material properties may be evaluated at a mid-range temperature
expected for that component. For protected steel members, the material properties
may be evaluated at 572 °F (300 °C), and for protection materials, a temperature
of 932 °F (500 °C) may be considered.

External Steelwork. Temperature rise can be determined by applying the follow-
ing equation:

=t __Ar (C-A-4-8)

where ¢ is the net heat flux incident on the steel member.

Advanced Calculation Methods. The thermal response of steel members may be
assessed by application of a computer model. A computer model for analyzing the
thermal response of the steel members should consider the following:

(1) Exposure conditions established based on the definition of a design fire. The
exposure conditions need to be stipulated either in terms of a time-temperature
history, along with radiation and convection heat transfer parameters associ-
ated with the exposure, or as an incident heat flux. The incident heat flux is
dependent on the design fire scenario and the location of the structural assem-
bly. The heat flux emitted by the fire or smoke can be determined from a fire
hazard analysis. Exposure conditions are established based on the definition of
a design fire. The exposure conditions are stipulated either in terms of a time-
temperature history, along with radiation and convection heat transfer
parameters associated with the exposure, or as an incident heat flux.

(2) Temperature-dependent material properties.

(3) Temperature variation within the steel member and any protection compo-
nents, especially where the exposure varies from side-to-side.

Nomenclature:
D = heat perimeter, in. (m)
T = temperature, °F (°C)
W = weight (mass) per unit length, Ib/ft (kg/m)
a = heat transfer coefficient, Btu/ft*-sec-°F (W/m*-°C)
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¢ =specific heat, Btu/lb-°F (J/kg-°C)

d = thickness, in. (m)

k = thermal conductivity, Btu/ft-sec-°F (W/m-°C)
Ar = time interval, s

p = density, Ib/ft® (kg/m?)

Subscripts:
¢ = convection
p = fire protection material
r = radiation
§ = steel

Material Strengths at Elevated Temperatures

The properties for steel and concrete at elevated temperatures are adopted from the
ECCS Model Code on Fire Engineering (ECCS, 2001), Section II1.2, “Material
Properties.” These generic properties are consistent with those in Eurocode 3
(CEN, 2005) and Eurocode 4 (CEN, 2003), and reflect the consensus of the inter-
national fire engineering and research community. The background information for
the mechanical properties of structural steel at elevated temperatures can be found
in Cooke (1988) and Kirby and Preston (1988).

The stress-strain response of steel at elevated temperatures is more nonlinear
than at room temperature and experiences less strain hardening. As shown in
Figure C-A-4.1, at elevated temperatures the deviation from linear behavior is
represented by the proportional limit, F,(7), and the yield strength, Fy(T), is
defined at a 2% strain. At 1,000 °F (538 °C), the yield strength, F,(T’), reduces
to about 66% of its value at room temperature, and the proportional limit F,(T)
occurs at 29% of the elevated temperature yield strength Fy(T). Finally, at

A

g

F(T) <, g

2 (N
g KM~/
2 a
E(T)
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e(T) &(T) &,(7)=2%

Strain

Fig. C-A-4.1. Parameters of idealized stress-strain curve at elevated temperatures

(Takagi and Deierlein, 2007).
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4.2.4.

4.2.4.1.

4.2.4.2.

4.2.4.3.
4.2.4.3a.

temperatures above 750 °F (399 °C), the elevated temperature ultimate strength
is essentially the same as the elevated temperature yield strength; in other words,
Fy(T) is equal to F(T).

Structural Design Requirements

The resistance of the structural system in the design basis fire may be determined

by:

(a) Structural analysis of individual elements where the effects of restraint to
thermal expansion and bowing may be ignored but the reduction in strength
and stiffness with increasing temperature is incorporated

(b) Structural analysis of assemblies/subframes where the effects of restrained
thermal expansion and thermal bowing are considered by incorporating geo-
metric and material nonlinearities

(c) Global structural analysis where restrained thermal expansion, thermal bow-
ing, material degradation, and geometric nonlinearity are considered

General Structural Integrity

The requirement for general structural integrity is consistent with that appearing
in Section 1.4 of ASCE (2010). Structural integrity is the ability of the structural
system to absorb and contain local damage or failure without developing into a
progressive collapse that involves the entire structure or a disproportionately large
part of it.

The Commentary C14 to Section 1.4 of ASCE (2010) contains guidelines for the
provision of general structural integrity. Compartmentation (subdivision of build-
ings/stories in a building) is an effective means of achieving resistance to
progressive collapse as well as preventing fire spread, as a cellular arrangement
of structural components that are well tied together provides stability and integrity
to the structural system as well as insulation.

Strength Requirements and Deformation Limits

As structural elements are heated, their expansion is restrained by adjacent ele-
ments and connections. Material properties degrade with increasing temperature.
Load transfer can occur from hotter elements to adjacent cooler elements.
Excessive deformation may be of benefit in a fire as it allows release of thermally
induced stresses. Deformation is acceptable once horizontal and vertical separa-
tion as well as the overall load bearing capacity of the structural system is
maintained.

Methods of Analysis
Advanced Methods of Analysis

Advanced methods are required when the overall structural system response to
fire, the interaction between structural members and separating elements in
fire, or the residual strength of the structural system following a fire must be
considered.
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4.2.4.3b. Simple Methods of Analysis

4.2.44.

P M/PM
©o o o o
N - 2] @

=)

Simple methods may suffice when a structural member or component can be
assumed to be subjected to uniform heat flux on all sides and the assumption of a
uniform temperature is reasonable as, for example, in a free-standing column.

In the 2005 Specification, nominal member strengths at elevated temperatures
were calculated using the standard strength equations of the Specification with
steel properties (E, Fy and F,) reduced for elevated temperatures by appropriate
factors. Recent research (Takagi and Deierlein, 2007) has shown this procedure
to over-estimate considerably the strengths of members that are sensitive to sta-
bility effects. To reduce these unconservative errors, new equations, developed by
Takagi and Deierlein (2007) are introduced in the 2010 edition of the
Specification to more accurately calculate the strength of compression members
subjected to flexural buckling and flexural members subjected to lateral-torsional
buckling. As shown in Figure C-A-4.2, the 2010 Specification equations are much
more accurate in comparison to detailed finite element method analyses (repre-
sented by the square symbol in the figure), which have been validated against test
data, and to equations from the Eurocode (ECCS, 2001).

Design Strength

The design strength for structural steel members and connections is calculated as
®R;, in which R, = nominal strength, when the deterioration in strength at ele-
vated temperature is taken into account, and ¢ is the resistance factor. The
nominal strength is computed as in Chapters C through K and Appendix 4 of the
Specification, using material strength and stiffnesses at elevated temperatures
defined in Tables A-4.2.1 and A-4.2.2. While ECCS (2001) and Eurocode 1
(CEN, 1991) specify partial material factors as equal to 1.0 for “accidental” limit
states, the uncertainties in strength at elevated temperatures are substantial and in
some cases are unknown. Accordingly, the resistance factors herein are the same
as those at ordinary conditions.
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Fig. C-A-4.2 Comparison of compression and flexural strengths
at 500 °C (932 °F) (Takagi and Deierlein, 2007).
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4.3.
4.3.1.

4.3.2.

DESIGN BY QUALIFICATION TESTING

Qualification Standards

Qualification testing is an acceptable alternative to design by analysis for provid-
ing fire resistance. Fire resistance ratings of building elements are generally
determined in accordance with procedures set forth in ASTM E119, Standard Test
Methods for Fire Tests of Building Construction and Materials (ASTM, 2009d).
Tested building element designs, with their respective fire resistance ratings, may
be found in special directories and reports published by testing agencies.
Additionally, calculation procedures based on standard test results may be used as
specified in Standard Calculation Methods for Structural Fire Protection (ASCE,
2005a).

For building elements that are required to prevent the spread of fire, such as walls,
floors and roofs, the test standard provides for measurement of the transmission of
heat. For loadbearing building elements, such as columns, beams, floors, roofs and
loadbearing walls, the test standard also provides for measurement of the load-car-
rying ability under the standard fire exposure.

For beam, floor and roof specimens tested under ASTM EI119, two fire resistance
classifications—restrained and unrestrained —may be determined, depending on the
conditions of restraint and the acceptance criteria applied to the specimen.

Restrained Construction

The ASTM E119 standard provides for tests of loaded beam specimens only in the
restrained condition, where the two ends of the beam specimen (including slab ends
for composite steel-concrete beam specimens) are placed tightly against the test
frame that supports the beam specimen, Therefore, during fire exposure, the ther-
mal expansion and rotation of the beam specimen ends are resisted by the test
frame. Similar restrained condition is provided in the ASTM E119 tests on
restrained loaded floor or roof assemblies, where the entire perimeter of the assem-
bly is placed tightly against the test frame.

The practice of restrained specimens dates back to the early fire tests (over 100
years ago), and it is predominant today in the qualification of structural steel
framed and reinforced concrete floors, roofs and beams in North America. While
the current ASTM E119 standard does provide for an option to test loaded floor and
roof assemblies in the unrestrained condition, this testing option is rarely used for
structural steel and concrete. However, unrestrained loaded floor and roof speci-
mens, with sufficient space around the perimeter to allow for free thermal
expansion and rotation, are common in the tests of wood and cold-formed-steel
framed assemblies.

Gewain and Troup (2001) provide a detailed review of the background research
and practices in the qualification fire resistance testing and rating of structural
steel (and composite steel/concrete) girders, beams, and steel framed floors and
roofs. The restrained assembly fire resistance ratings (developed from tests on
loaded restrained floor or roof specimens) and the restrained beam fire resistance
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ratings (developed from tests on loaded restrained beam specimens) are com-
monly applicable to all types (with minor exceptions) of steel framed floors, roofs,
girders and beams, as recommended in Table X3.1 of ASTM EI119, especially
where they incorporate or support cast-in-place or prefabricated concrete slabs.
Ruddy et al. (2003) provides several detailed examples of steel framed floor and
roof designs by qualification testing.

Unrestrained Construction

An unrestrained condition is one in which thermal expansion at the support of load-
carrying elements is not resisted by forces external to the element and the supported
ends are free to expand and rotate.

However, in the common practice for structural steel (and composite steel-con-
crete) beams and girders, the unrestrained beam ratings are developed from ASTM
E119 tests on loaded restrained beam specimens or from ASTM EIL19 tests on
loaded restrained floor or roof specimens, based only on temperature measurements
on the surface of structural steel members. For steel framed floors and roofs, the
unrestrained assembly ratings are developed from ASTM EI119 tests on loaded
restrained floor and roof specimens, based only on temperature measurements on
the surface of the steel deck (if any) and on the surface of structural steel members.
As such, the unrestrained fire resistance ratings are temperature-based ratings
indicative of the time when the steel reaches specified temperature limits. These
unrestrained ratings do not bear much direct relevance to the unrestrained condition
or the load-bearing functions of the specimens in fire tests.

Nevertheless, unrestrained ratings provide useful supplementary information, and
they are used as a conservative estimate of fire resistance (in lieu of the restrained
ratings) in cases where the surrounding or supporting construction cannot be
expected to accommodate the thermal expansion of steel beams or girders. For
instance, as recommended in Table X3.1 of ASTM E119, a steel member bearing
on a wall in a single span or at the end span of multiple spans should be consid-
ered unrestrained when the wall has not been designed and detailed to resist
thermal thrust.
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fire protection

Structural Design for Fire Conditions

BY MATTHEW JOHANN, PE., DARLENE RINI, P.E., AND BARBARA LANE, PH.D., C.ENG.

Practical applications of AISC 2010 Specification Appendix 4.

WHEN ARCHITECTS AND STRUCTURAL ENGINEERS
develop innovative structural designs, they often encounter
the limitations inherent to prescriptive structural fire resis-
tance code requirements. Structural fire resistance typically
is based on standardized furnace tests of members and subas-
semblies. Catalogs of previously-tested components are avail-
able (such as the UL Fire Resistance Directory), and it is pos-
sible to assemble a complete building from such components.
However, modern buildings can often include innovadve or
complex structural solutions for which furnace test data is not
available. This type of testing can be highly expensive and time
consuming and may not reasonably capture the performance
of the unique structural solution in real fire condidons.
Appendix 4 of the 2010 AISC Specification for Structural
Steel Buildings provides engineers with methodologies for
designing and evaluating structural assemblies for fire con-
ditions. While determination of fire resistance through
standardized testing is an option presented in Appendix 4,
the option of using engineering analysis to evaluate the fire
performance of steel structures is also provided. This arti-
cle discusses three different projects carried out by Arup
in which analysis methodologies supported by Appendix 4
were used. This type of approach can support the design of
robust structural systems and the optimization of structural
fire performance without compromising architectural and
structural design vision, all while maintaining life safety.
Because the performance of the structure is quantified in
fire conditions, any strengths (e.g., structural redundancies,
secondary load paths, over-sizing, etc.) and/or weaknesses

expected when the “cold” strucrural design is exposed to
fire conditions can be identified and addressed. In this
way, the fire protection strategy can be tailored to the spe-
cific building. In many cases, this can lead to optimization
(reduction or elimination) of fire protective materials and
significant cost savings when compared to standard testing
of unique structural elements.

While these types of approaches can be used in most
regulatory environments with varying approval demands, it
is very important to maintain an open dialogue with build-
ing officials and the design team to achieve agreement on
the approach. These methodologies also require specialized
knowledge in the response of structures to fire conditons.

Kauffman Center for the Performing Arts

The new Kauffinan Center for the Performing Arts
in Kansas City, Mo., will provide state-of-the-art theater
and performance experiences for up to 3,400 visitors at a
time between its two large performance halls. The halls
are linked by a grand main lobby enclosed by a signature
cable-stayed curved glass fagade and a glass roof. Open
stairs and galleries overlook the lobby and provide access
to the theaters within.

The steel cable “nets” supporting the atrium fagade and
roof include exterior members that span above an adjacent
roadway, which provides access to the main public entrance
of the facility. Large buses are expected to use this road and
to park near the lobby entrance, so there is a real possibil-
ity that the exterior steel cables could be exposed to a large
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Instead of cables, slightly larger hot-rolled steel tension rods (visible
in the foreground) are providing fire safety at the Kauffman Center for
the Performing Arts, under construction in Kansas City, Mo., without
the need to apply additional protective material.

fire. These members are required by code to have a one-hour fire-
resistance rating.

Fire protection of steel cables or rods under tension is chal-
lenging. It is sometimes not possible to adhere sprayed-on fire
protective materials of the thickness required to achieve required
fire resistance levels to small diameter cables or rods, Materials are
available that can be cast into tube shapes and then applied to these
members, but they add significantly to the diameter of the cable or
rod. Both of these methods make the member look less like steel,
which often is contrary to the design vision. Further, very limited
test data is available regarding the fire performance of cables and
rods under tension, so justification of a fire protection solution to
the regulatory authorities can be a challenge.

Given the design team’s desire to keep the exterior cables
exposed and to avoid approvals risks and costly protective mea-
sures, Arup undertook an analysis of the inherent fire resistance
of the steel cables. The fire performance of the cold-worked steel
cables given a large bus fire on the roadway below was evalu-
ated using a lumped heat capacity analysis, which is supported
by Appendix 4 of the AISC Specification and discussed in the cor-
responding commentary section within that document. Through
that analysis, it was determined that if the cables were replaced
by hot-rolled steel tension rods and the diameter of the mem-
bers was increased slightly, they would have sufficient inherent
fire resistance to achieve the code-required fire resistance (under
the loading conditions described in Appendix 4} and applied fire-
proofing would not be required. This solution is considered to
be highly robust because the structure is intrinsically designed to
withstand expected fires on its own rather than relying on applied
protective materials that require continued maintenance. Also,
this approach allowed the original design vision, with exposed
steel members, to be realized.

Transbay Transit Center, San Francisco

The Transhay Transit Center will be a modern three-story, 70-fi-
high, one million sq. ft regional transit hub located in downtown
San Francisco, The above-grade portion of the building contains
two levels of assembly/retail/office space, a bus deck level and a
rooftop park of approximately 5.4 acres. The facility also will have
two below-grade levels expected to serve Caltrain and the future
California High Speed Rail network, According to the prescriptive
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requirements of the code, the structure is required to achieve a
two-hour fire resistance.

‘The main [ateral load resisting system of the building consists of
a large, perimeter steel braced frame located external to the build-
ing envelope, which also projects away from the main structure.
Because the steel frame is one of the key architectural features of
the building, providing a traditional two-hour externally applied
fire protection system (such as spray, gypsum board or intumescent
paint) would reduce the aesthetic value of the exposed steel and
might be cost prohibitive. In addition, due to the large diameter of
the circular hollow sections (about 16 in.), justifying a fire protec-
tion solution using concrete filling to the regulatory authorities
can be a challenge because fire test data generally incorporates
significantly smaller sections.

Because the steel braced frame is designed primarily for high
seismic demands, the members are over-sized for the fire limit state
where the applied loads are significantly reduced. That means the
elements have additional reserved capacity and may not require
the code-prescribed level of applied fire protection to maintain
the loads. Given that these elements are located along the building
perimeter and external to the floor plate, the only credible design
fire scenarios would be localized vehicle fires at street level, expo-
sure to flames projecting out of the fagade from a post-flashover
retail/office compartment fire, or a localized bus fire at bus deck
level. These fire scenarios are considered less severe than the stan-
dard two-hour fire exposure assumed by the code for design.

Arup undertook a performance-based structural fire engineer-
ing analysis to not only determine whether the prescribed two-
hour fire resistance rating could be reduced and/or eliminated
given realistic fire scenarios and the lesser loads in the fire limit
state, but also to demonstrate robustmess of the structure in severe
fire conditions. The structural fire performance of the steel braced
frame was evaluated using a range of analysis techniques supported
by Appendix 4 of the AISC Specification (lumped heat capacity anal-
ysis and single element/whole frame thermal mechanical analysis)
depending on the fire exposure and structural redundancy.

The advanced analysis demonstrated that the external braced
frames at the bus deck level would be capable of maintaining
stability during a fire event without applied fire protection.
However, due to the expected fire severity and close proximity of
portions of the external structure to possible interior fire locations
at ground level, a fire protection solution was required for a portion
of the lateral resisting system. To allow for the V-columns to be
exposed, a secondary thermal-mechanical analysis was conducted
to demonstrate that filling the large diameter hollow sections with
concrete would provide an inherent two-hour fire resistance.

The performance-based solution not only satisfied the aesthetic
aim of exposing the steel braced structure, but it also allowed the
design team to identify the robusmess of the structure under
severe fire conditions and the corresponding high level of life
safety provided.

Steel-Framed Parking Structure

Although parking structures in the U.S. often are constructed
of concrete, it is increasingly common in other portions of the
world to build such structures of steel, a practice which can bring
numerous benefits in terms of both structural design and aesthet-
ics. Arup recently had an opportunity to evaluate the fire resistance
of such a structure for a proposed project.

The concept included a high-rise, mixed-use corporate campus



with a five-story waditonal steel-framed open parking garage located at
levels 3-7. The parking levels of the campus constituted the largest area of
any single level of the project, with a typical area of approximately 157,000
sq. ft per level. According to the relevant building code, the structural fire
resistance ratings of the columns and primary/secondary beams in the park-
ing garage were required to be three hours and two hours, respectively.
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Transbay Joint Powers Autherity

Using the approach permitted by Appendix 4 enabled engineers to demon-
strate the Transbay Transit Center's inherent fire resistance and develop an
aesthetically pleasing, performance-based solution without resorting to a tra-
ditional two-hour externally applied fire protection system.

Potental parking garage fires differ markedly from the typical building
fires assumed by building codes for design. While building fires generally
exhibira steady growth phase and may grow to involve a large porton of the
structure, parking garage fires tend to be localized fires that quickly reach a
maximum heat release rate before burning out.

Recognizing the relatively low fire severity of parking garage fires compared
to the mult-hour standard fire exposure assumed by the code, a performance-
hased structural fire analysis was conducted to assess the possibility of reducing
and/or removing the code-prescribed level of fire resistance to the parking
structure and to demonstrate the structure’s robustness in fire conditions. As
part of the advanced analysis, a range of credible design fire scenarios (involving
one car, three cars, and five cars) was determined based on open parking garage
fire statistics and test data. The thermal and spadal disuibuton of elevated
temperatures was calculated for the range of fire scenarios to identfy the extent
of structure simultaneously exposed to high temperatures. Single-element
thermal-mechanical analyses coupled with a whole-frame element removal
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analysis was conducted to quantify the response of the parking
structure through the range of fire exposures.

Based on these analyses, Arup was able to demonstrate
that the parking structure’ secondary beams could be unpro-
tected and the fire resistance requirements for the columns
and primary beams could be reduced from three hours and
two hours, respectively, to just one hour. We were able to
show that with these reduced fire ratings the structure has
sufficient capacity and structural redundancy to maintain sta-
bility in the fire limit state under a range of severe fire events,
and thus would meet the life safety intent of the code.

The results of an analysis such as this cannot only dem-
onstrate the robustness of structural systems under fire
conditions, but also ¢an reduce maintenance demands and
enhance aesthetic value by allowing portions of the steel
structure to be exposed. In this specific case, secondary
beams could be left unprotected and columns and primary
beams could be protected using aesthetically pleasing thin-
film intumescent paint.

Summary

The case studies presented here demonstrate just some of
the benefits that can be realized through application of the
methodologies presented in Appendix 4 of the 2010 AISC
Specification. Designing a structural system to take advan-
tage of the inherent fire resistance of steel members under
expected fire conditions can lead to better understanding of
the actual level of life safety provided and to optimization of
investment in fire protection strategies. msc
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