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 1 
APPENDIX 4 2 

 3 

STRUCTURAL DESIGN FOR FIRE CONDITIONS 4 
 5 
 6 
This appendix provides criteria for the design and evaluation of structural steel 7 
components, systems, and frames for fire conditions.  These criteria provide for the 8 
determination of the heat input, thermal expansion, and degradation in mechanical 9 
properties of materials at elevated temperatures that cause progressive decrease in 10 
strength and stiffness of structural components and systems at elevated 11 
temperatures.    12 
 13 
 14 
 15 
 16 
The appendix is organized as follows:  17 
 18 

4.1. General Provisions 19 
4.2. Structural Design for Fire Conditions by Analysis 20 
4.3. Design by Qualification Testing 21 

4.1.  GENERAL PROVISIONS 22 
 23 
The methods contained in this appendix provide regulatory evidence of 24 
compliance in accordance with the design applications outlined in this 25 
section. 26 

 27 
1.   Performance Objective   28 

 29 
Structural components, members, and building frame systems shall be 30 
designed so as to maintain their load-bearing function during the design-31 
basis fire and to satisfy other performance requirements specified for the 32 
building occupancy. 33 
 34 
Deformation criteria shall be applied where the means of providing 35 
structural fire resistance, or the design criteria for fire barriers, requires 36 
evaluation of the deformation of the load-carrying structure.  37 
 38 
Within the compartment of fire origin, forces and deformations from the 39 
design-basis fire shall not cause a breach of horizontal or vertical com-40 
partmentation. 41 

 42 
2.   Design by Engineering Analysis  43 
 44 

The analysis methods in Section 4.2 are permitted to be used to document 45 
the anticipated performance of steel framing when subjected to design-46 
basis fire scenarios.  Methods in Section 4.2 provide evidence of compli-47 
ance with performance objectives established in Section 4.1.1. 48 

 49 
The analysis methods in Section 4.2 are permitted to be used to demon-50 
strate an equivalency for an alternative material or method, as permitted by 51 
the applicable building code (ABC). 52 

User Note: Throughout this chapter, the term “elevated temperatures” refers to 
temperatures due to unintended fire exposure only.   
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 53 
Structural design for fire conditions using Appendix 4.2 shall be performed 54 
using the load and resistance factor design method in accordance with the 55 
provisions of Section B3.1 (LRFD). 56 
 57 

3.   Design by Qualification Testing 58 
 59 
The qualification testing methods in Section 4.3 are permitted to be used to 60 
document the fire resistance of steel framing subject to the standardized 61 
fire testing protocols required by the ABC. 62 

4. Load Combinations and Required Strength  63 
 64 

In the absence of ABC provisions for design under fire exposures, the 65 
required strength of the structure and its elements shall be determined from 66 
the gravity load combination as follows: 67 
 68 

(0.9 or 1.2) D + AT  + 0.5L + 0.2S                                      (A-4-1) 69 
 70 

  where 71 
AT = nominal forces and deformations due to the design-basis fire de-72 

fined in Section 4.2.1 73 
D = nominal dead load 74 
L = nominal occupancy live load 75 
S =  nominal snow load 76 
 77 

 78 
User Note:  ASCE/SEI 7 Section 2.5 contains this load combination for 79 
extraordinary events, which includes fire. Live load reduction is permitted. 80 

4.2. STRUCTURAL DESIGN FOR FIRE CONDITIONS BY ANALYSIS  81 
 82 
It is permitted to design structural members, components and building 83 
frames for elevated temperatures in accordance with the requirements of 84 
this section. 85 

 86 
1.  Design-Basis Fire 87 
 88 

A design-basis fire shall be identified to describe the heating conditions for 89 
the structure.  These heating conditions shall relate to the fuel commodities 90 
and compartment characteristics present in the assumed fire area.  The fuel 91 
load density based on the occupancy of the space shall be considered when 92 
determining the total fuel load.  Heating conditions shall be specified either 93 
in terms of a heat flux or temperature of the upper gas layer created by the 94 
fire.  The variation of the heating conditions with time shall be determined 95 
for the duration of the fire. 96 
 97 

The analysis methods in Section 4.2 shall be used in accordance with the 98 
provisions for alternative materials, designs, and methods as permitted by 99 
the ABC.  When the analysis methods in Section 4.2 are used to demon-100 
strate equivalency to hourly ratings based on qualification testing in 101 
Section 4.3, the design-basis fire shall be permitted to be determined in 102 
accordance with ASTM E119. 103 
 104 

1a. Localized Fire 105 
 106 
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Where the heat release rate from the fire is insufficient to cause flashover, 107 
a localized fire exposure shall be assumed.  In such cases, the fuel compo-108 
sition, arrangement of the fuel array, and floor area occupied by the fuel 109 
shall be used to determine the radiant heat flux from the flame and smoke 110 
plume to the structure.   111 

 112 
1b.  Post-Flashover Compartment Fires 113 

 114 
Where the heat release rate from the fire is sufficient to cause flashover, a 115 
post-flashover compartment fire shall be assumed.  The determination of 116 
the temperature versus time profile resulting from the fire shall include fuel 117 
load, ventilation characteristics of the space (natural and mechanical), 118 
compartment dimensions, and thermal characteristics of the compartment 119 
boundary.   120 
 121 
The fire duration in a particular area shall be determined from the total 122 
combustible mass, or fuel load in the space.  In the case of either a 123 
localized fire or a post-flashover compartment fire, the fire duration shall 124 
be determined as the total combustible mass divided by the mass loss rate.   125 

 126 
1c.   Exterior Fires 127 
 128 

The exposure effects of the exterior structure to flames projecting from 129 
windows or other wall openings as a result of a post-flashover compart-130 
ment fire shall be addressed along with the radiation from the interior fire 131 
through the opening.  The shape and length of the flame projection shall be 132 
used along with the distance between the flame and the exterior steelwork 133 
to determine the heat flux to the steel.  The method identified in Section 134 
4.2.1b shall be used for describing the characteristics of the interior 135 
compartment fire.                                                136 
 137 

1d.  Active Fire-Protection Systems 138 
 139 

The effects of active fire-protection systems shall be addressed when 140 
describing the design-basis fire.  141 

 142 
Where automatic smoke and heat vents are installed in nonsprinklered 143 
spaces, the resulting smoke temperature shall be determined from calcula-144 
tion.   145 
 146 

2.  Temperatures in Structural Systems under Fire Conditions   147 
 148 

Temperatures within structural members, components and frames due to 149 
the heating conditions posed by the design-basis fire shall be determined 150 
by a heat transfer analysis.   151 

 152 
3. Material Properties at Elevated Temperatures 153 
 154 

The effects of elevated temperatures on the physical and mechanical 155 
properties of materials shall be considered in the analysis and design of 156 
structural members, components and systems. Any rational method that 157 
establishes material properties at elevated temperatures that is based on test 158 
data is permitted, including the methods defined in Sections 4.2.3a, and 159 
4.2.3b.  160 

 161 
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 162 
3a.  Thermal Elongation 163 
 164 

The coefficients of thermal expansion shall be taken as follows: 165 

(a)  For structural and reinforcing steels:  For calculations at temperatures 166 
above 150°F (66°C), the coefficient of thermal expansion is 7.8 × 10-167 
6/°F (1.4 × 10-5/oC). 168 

 169 
(b)  For normal weight concrete: For calculations at temperatures above 170 

150°F (66°C), the coefficient of thermal expansion is 10 × 10−6/°F (1.8 171 
× 10−5/oC). 172 

 173 
(c)  For lightweight concrete:  For calculations at temperatures above 174 

150°F (66°C), the coefficient of thermal expansion is 4.4 × 10−6/°F 175 
(7.9 × 10−6/oC). 176 

 177 
3b.  Mechanical Properties of Structural Steel, Hot-Rolled Reinforcing 178 

Steel, and Concrete at Elevated Temperatures 179 
 180 

The uniaxial engineering stress-strain-temperature relationship for 181 
structural steel, hot rolled reinforcing steel, and concrete shall be deter-182 
mined using this section. This applies only to structural and reinforcing 183 
steels with a specified minimum yield strength, Fy, equal to 65 ksi (450 184 
MPa) or less, and to concrete with a specified compressive strength, f′c, 185 
equal to 8 ksi (55 MPa) or less.   186 
 187 
(a) Structural and Hot Rolled Reinforcing Steel 188 

Table A-4.2.1 provides retention factors (kE, ky, and kp) for steel which 189 
are expressed as the ratio of the mechanical property at elevated tem-190 
perature with respect to the property at ambient, assumed to be 68°F 191 
(20°C). It is permitted to interpolate between these values. The proper-192 
ties at elevated temperature, T, and are defined as follows: 193 

 194 
E(T) is the modulus of elasticity of steel at elevated temperature,  195 
ksi (MPa), which is calculated as a ratio to the ambient property as 196 
specified in Table A-4.2.1. 197 
 198 
G(T) is the shear modulus of elasticity of steel at elevated  199 
temperature, ksi (MPa) , which is calculated as a ratio to the ambient 200 
property as specified in Table A-4.2.1. 201 
Fy(T) is the specified minimum yield stress of steel at elevated  202 
temperature, ksi (MPa) , which is calculated as a ratio to the ambient 203 
property as specified in Table A-4.2.1. 204 
Fp(T) is the proportional limit at elevated temperature, which is cal-205 
culated as a ratio to yield strength as specified in Table A-4.2.1. 206 
 207 
Fu(T) is the specified minimum tensile strength at elevated tempera-208 
ture, which is equal to Fy(T) for temperatures greater than 750oF 209 
(400oC). For temperatures less than or equal to 750°F (400°C), Fu 210 
may be used in place of Fu(T). 211 
 212 
The engineering stress at elevated temperature, F(T), at each strain 213 
range shall be determined as follows: 214 
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(a) When in the elastic range [ε(T) < εp(T)]  215 

F(T) = E(T) ε(T)     (A-4-2)[a] 216 

 (b) When in the nonlinear range [εp(T) ≤ ε(T) ≤ εy(T)] 217 

 ( ) ( ) ( ) ( ) 22
p y

bF T F T c a T T
a

= − + − ε − ε    (A-4-3)[a] 218 

 219 
 (c) When in the plastic range [εy(T) ≤ ε(T) ≤ εu(T)] 220 
  221 
 ( ) ( )yF T F T=  (A-4-4)[a] 222 

 where 223 
ε(T) = the engineering strain at elevated temperature, in./in. 224 

(m/m) 225 
εp(T) = the engineering strain at the proportional limit at elevat-226 

ed temperature, in./in. (m/m) = Fp(T) / E(T) 227 
εy(T) = the engineering yield strain at elevated temperature, 228 

in./in. (m/m) = 0.02 in./in. (m/m) 229 

a2 = ( ) ( ) ( ) ( ) ( )y p y p
cT T T T

E T
 

ε − ε ε − ε +    
 

 (A-4-5)[a] 230 

b2 = ( ) ( ) ( ) 2
y pE T T T c cε −ε +    (A-4-6)[a] 231 

c =
( ) ( )

( ) ( ) ( ) ( ) ( )

2

2
y p

y p y p

F T F T
E T T T F T F T

−  
ε − ε − −      

 (A-4-7)[a] 232 

 233 
User Note: The equation for the plastic range conservatively neglects the 234 
strain-hardening portion, but strain-hardening is permitted to be includ-235 
edThe plateau of the plastic range does not exceed the ultimate strain, 236 
εu(T), where εu(T) = 15%. 237 

 238 
User Note: This section applies to structural steel materials in Section 239 
A3.1 and to hot-rolled reinforcing steel with a specified minimum yield 240 
strength, Fy, equal to 65 ksi or less, which  includes ASTM A615/A615M 241 
Gr. 60 (420) and ASTM A706/A706M Gr. 60 (420) steel reinforcement. 242 

 243 
(b) Concrete 244 
 245 

Table A-4.2.2 provides retention factors for concrete which are ex-246 
pressed as the ratio of the mechanical property at elevated temperature 247 
with respect to the property at ambient, assumed to be 68°F (20 °C). It 248 
is permitted to interpolate between these values. For lightweight con-249 
crete, values of εcu(T) shall be obtained from tests. The properties at 250 
elevated temperature, T, are defined as follows: 251 

 252 

                                                           
a EC4, European Committee for Standardization (CEN), Eurocode 4 Design of 
Composite Steel and Concrete Structures: Part 1.2: General Rules, Structural Fire 
Design, EN 1994-1-2, CEN, Brussels, 2005. 
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( )cf T′ = the specified compressive strength of concrete at elevated  253 
temperature, ksi (MPa), which is calculated as a ratio to the 254 
ambient property as specified in Table A-4.2.2. 255 

Ec(T) = the modulus of elasticity of concrete at elevated  256 
temperature, ksi (MPa) 257 

εcu(T) = the concrete strain corresponding to ( )cf T′ at elevated  258 
temperature, in./in. (m/m) 259 

 260 
The uniaxial stress-strain-temperature relationship for concrete in com-261 
pression is permitted to be calculated as follows: 262 

 263 

 ( ) ( )

( )
( )
( )
( )

3

3

2

c

cu
c c

c

cu

T
T

F T f T
T
T

  ε  ε  ′=  
 ε 

+   ε  

  (A-4-8)[a] 264 

 265 
where Fc(T) and εc(T) are the concrete compressive stress and strain, 266 
respectively, at elevated temperature.    267 
 268 
User Note: The tensile strength of concrete at elevated temperature can 269 
be taken as zero, or not more than 10% of the compressive strength at 270 
the corresponding temperature.  271 

 272 
(c) Strengths of Bolts at Elevated Temperatures 273 
 274 
Table A-4.2.3 provides retention factors for high-strength bolts which are 275 
expressed as the ratio of the mechanical property at elevated temperature 276 
with respect to the property at ambient, which is assumed to be 68°F 277 
(20°C).  The properties at elevated temperature, T, are defined as follows:  278 
 279 

 Fnt(T) = nominal tensile strength of the bolt, ksi (MPa) 280 
 Fnv(T) = nominal shear strength of the bolt, ksi (MPa) 281 
 282 

TABLE A-4.2.1 
Properties of Steel at Elevated Temperatures 

 
Steel Temperature, 

ºF (ºC) 

( )   Ek E T E=

( )G T G=  ( )p p yk F T F= ( )y y yk F T F=  

  68 (20) 1.00 1.00 1.00 
200 (93) 1.00 1.00 1.00 

 400 (200) 0.90 0.80 1.00 
 600 (320) 0.78 0.58 1.00 
 750 (400) 0.70 0.42 1.00 
 800 (430) 0.67 0.40 0.94 
1000 (540) 0.49 0.29 0.66 
1200 (650) 0.22 0.13 0.35 

                                                           
a EC4, European Committee for Standardization (CEN), Eurocode 4 Design of 
Composite Steel and Concrete Structures: Part 1.2: General Rules, Structural Fire 
Design, EN 1994-1-2, CEN, Brussels, 2005. 
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1400 (760) 0.11 0.06 0.16 
1600 (870) 0.07 0.04 0.07 
1800 (980) 0.05 0.03 0.04 

  2000 (1100) 0.02 0.01 0.02 
  2200 (1200) 0.00 0.00 0.00 

 283 

TABLE A-4.2.2 
Properties of Concrete at Elevated Temperatures 

Concrete 
Temperature, 

ºF (ºC) 

( )c c ck f T f′ ′=  

( )c cE T E
 

εcu(T),  
% 

Normal Weight 
Concrete 

Lightweight 
Concrete 

Normal Weight 
Concrete 

  68  (20) 1.00 1.00 1.00 0.25 
200  (93) 0.95 1.00 0.93 0.34 

 400 (200) 0.90 1.00 0.75 0.46 
 550 (290) 0.86 1.00 0.61 0.58 
 600 (320) 0.83 0.98 0.57 0.62 
 800 (430) 0.71 0.85 0.38 0.80 
1000 (540) 0.54 0.71 0.20 1.06 
1200 (650) 0.38 0.58   0.092 1.32 
1400 (760) 0.21 0.45   0.073 1.43 
1600 (870) 0.10 0.31   0.055 1.49 
1800 (980) 0.05 0.18    0.036 1.50 

 2000 (1100) 0.01 0.05    0.018 1.50 
 2200 (1200) 0.00 0.00    0.000 0.00 

 284 
  285 
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 286 
TABLE A-4.2.3 

Properties of Group 120 and Group 150 High-
Strength Bolts at Elevated Temperatures 
Bolt Temperature, 

°F (°C) 
 

( ) ( ) or nt nt nv nvF T F F T F  

 68 (20) 1.00 
200 (93) 0.97 

  300 (150) 0.95 
  400 (200) 0.93 
  600 (320) 0.88 
  800 (430) 0.71 
  900 (480) 0.59 
1000 (540) 0.42 
1200 (650) 0.16 
1400 (760) 0.08 
1600 (870) 0.04 
1800 (980) 0.01 

  2000 (1100) 0.00 
 287 
4.   Structural Design Requirements 288 
   289 
4a.   General Requirements  290 
 291 

The structural frame and foundation shall be capable of providing the 292 
strength and deformation capacity to withstand, as a system, the structural 293 
actions developed during the fire within the prescribed limits of defor-294 
mation.  The structural system shall be designed to sustain local damage 295 
with the structural system as a whole remaining stable. Frame stability and 296 
required strength shall be determined in accordance with the requirements 297 
of Section C1.  298 

 299 
Continuous load paths shall be provided to transfer all forces from the 300 
exposed region to the final point of resistance.  301 
 302 
The requirement for steam vent holes in concrete-filled composite 303 
members shall be evaluated. Any rational method that considers heat 304 
transfer through the cross-section, water content in concrete, fire protec-305 
tion, and the allowable pressure build up in the member is permitted for 306 
calculating the size and spacing of vent holes.  307 
 308 
User Note: Section 4.3.2.2.1 provides a possible vent hole configuration 309 
for concrete-filled columns. 310 
 311 

 312 
4b.  Strength Requirements and Deformation Limits 313 
 314 

Conformance of the structural system to these requirements shall be 315 
demonstrated by constructing a mathematical model of the structure based 316 
on principles of structural mechanics and evaluating this model for the 317 
internal forces and deformations in the members of the structure developed 318 
by the temperatures from the design-basis fire. 319 

 320 
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Individual members shall have the design strength necessary to resist the 321 
shears, axial forces and moments determined in accordance with these 322 
provisions.   323 

 324 
Connections shall be designed and detailed to resist the imposed loading 325 
and deformation demands during a design-basis fire as required to meet the 326 
performance objectives stated in Section 4.1.1.  Where the means of 327 
providing fire resistance requires the evaluation of deformation criteria, the 328 
deformation of the structural system, or members thereof, under the 329 
design-basis fire shall not exceed the prescribed limits. 330 
 331 
User Note:  Typical simple shear connections may need additional design 332 
enhancements for ductility and resistance to large compression and tensile 333 
forces that may develop during the design-basis fire exposure. A fire 334 
exposure will not only affect the magnitude of member end reactions, but 335 
may also change the nature of the reaction to a limit state different from the 336 
controlling mode at ambient temperature.  337 
 338 
It shall be permitted to include membrane action of composite floor slabs 339 
for fire resistance if the design provides for the effects of increased 340 
connection tensile forces and redistributed gravity load demands on the 341 
adjacent framing supports. 342 

 343 
4c.   Design by Advanced Methods of Analysis 344 
 345 

Design by advanced methods of analysis is permitted for the design of all 346 
steel building structures for fire conditions.  The design-basis fire exposure 347 
shall be that determined in Section 4.2.1.  The analysis shall include both a 348 
thermal response and the mechanical response to the design-basis fire. 349 

 350 
The thermal response shall produce a temperature field in each structural 351 
element as a result of the design-basis fire and shall incorporate 352 
temperature-dependent thermal properties of the structural elements and 353 
fire-resistive materials, as per Section 4.2.2. 354 

 355 
The mechanical response results in forces and deformations in the 356 
structural system due to the thermal response calculated from the design-357 
basis fire.  The mechanical response shall take into account explicitly the 358 
deterioration in strength and stiffness with increasing temperature, the 359 
effects of thermal expansions, inelastic behavior and load redistribution, 360 
large deformations, time-dependent effects such as creep, and uncertainties 361 
resulting from variability in material properties at elevated temperature.  362 
Support and restraint conditions (forces, moments, and boundary 363 
conditions) shall represent the behavior of the structure during a design-364 
basis fire. Material properties shall be defined as per Section 4.2.3. 365 

 366 
The resulting analysis shall address all relevant limit states, such as 367 
excessive deflections, connection ruptures, and global or local buckling. 368 

 369 
4d.  Design by Simple Methods of Analysis   370 
 371 

The methods of analysis in this section are permitted to be used for the 372 
evaluation of the performance of individual members at elevated tempera-373 
tures during exposure to a design-basis fire. When evaluating individual 374 
members, the support and restraint conditions (forces, moments and 375 
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boundary conditions) applicable at normal temperatures are permitted to be 376 
assumed to remain unchanged throughout the fire exposure. 377 
 378 
For evaluating the performance of structural frames during exposure to a 379 
design-basis fire, member demands (forces and moments) are also 380 
permitted to be determined through consideration of reduced stiffness at 381 
elevated temperatures, appropriate boundary conditions, and thermal 382 
deformations.  383 
 384 
It is permitted to model the thermal response of steel and composite 385 
members using a lumped heat capacity analysis with heat input as deter-386 
mined by the design-basis fire defined in Section 4.2.1, using the tempera-387 
ture equal to the maximum steel temperature.  For composite beams, the 388 
maximum steel temperature shall be assigned to the bottom flange and a 389 
temperature gradient shall be applied to incorporate thermally induced 390 
moments, as stipulated in Section 4.2.4d(f) . 391 
 392 
For steel temperatures less than or equal to 400°F (200°C), the member 393 
and connection design strengths is permitted to be determined without 394 
consideration of temperature effects on the nominal strengths.   395 
 396 
The design strength shall be determined as in Section B3.1. The nominal 397 
strength, Rn, shall be calculated using material properties, as provided in 398 
Section 4.2.3b, at the temperature developed by the design-basis fire and as 399 
stipulated in Sections 4.2.4d(a) through (f). 400 
 401 
User Note:   Lumped heat capacity analysis assumes uniform temperature 402 
over the section and length of the member, which is generally a reasonable 403 
assumption for many structural members exposed to post-flashover fires. 404 
Consideration should be given to the use of the uniform temperature 405 
assumption as it may not always be applicable or conservative. 406 
 407 
At temperatures below 400°F (200°C), the reduction in steel properties 408 
need not be considered in calculating member strengths despite small 409 
reductions in material properties in Table A-4.2.1. This is a simplifying 410 
assumption used only in the simple method of analysis.  411 

 412 
(a) Design for Tension   413 
    414 
 The nominal strength for tension shall be determined using the 415 

provisions of Chapter D, with steel properties as stipulated in Section 416 
4.2.3b(a) and assuming a uniform temperature over the cross section 417 
using the temperature equal to the maximum steel temperature. 418 

 419 
(b) Design for Compression   420 

 421 
For nonslender-element columns, the nominal strength for flexural 422 
buckling of compression members shall be determined using the pro-423 
visions of Chapter E with steel properties as stipulated in Section 424 
4.2.3b(a).Equation A-4-9 shall be used in lieu of Equations E3-2 and 425 
E3-3 to calculate the nominal compressive strength for flexural buck-426 
ling: 427 

( )
( )( ) 0.42 ( )

y

e

F T
F T

cr yF T F T
 
 =  
  

 (A-4-9) 428 
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where Fy(T) is the yield stress at elevated temperature and Fe(T) is the 429 
critical elastic buckling stress calculated from Equation E3-4 with the 430 
elastic modulus, E(T), at elevated temperature. Fy(T) and E(T) are ob-431 
tained using coefficients from Table A-4.2.1.  432 
 433 
The strength of leaning (gravity) columns may be increased by rota-434 
tional restraints from cooler columns in the stories above and below 435 
the story exposed to the fire. This increased strength applies to fires on 436 
only one floor and should not be used for multiple story fires. The 437 
increase in design strength can be accounted for by reducing the col-438 
umn slenderness ( cL r ) used to calculate ( )eF T  in Equation A-4-9 to 439 

( )c TL r  as follows: 440 
 441 

( ) ( )
32 351 ( 32) 0

3,600 3,600
c c

T

L T L T
r n r n

 −   = − − − ≥         
   (oF)  (A-4-10) 442 

 443 

 ( ) ( )
351 0

2,000 2,000
    = − − ≥         

c c

T

L T L T
r n r n

   (oC) (A-4-10M) 444 

 445 
where  446 
 Lc = KL = effective length of member, in. (mm) 447 
 L  = laterally unbraced length of the member, in. (mm) 448 
 K = effective length factor 449 
 r = radius of gyration, in. (mm)  450 
 T  = steel temperature, oF , oC 451 
 n  = 1 for columns with cooler columns both above and below 452 
 n = 2 for columns with cooler columns either above or below     453 

           only 454 
 455 

User Note:  The design equations for compression predict flexural 456 
buckling capacities of wide flange rolled shapes, but do not consider 457 
local buckling and torsional buckling. If applicable, these additional 458 
limit states must be considered with an alternative method. For most 459 
fire conditions, uniform heating and temperatures govern the design 460 
for compression.  When uniform heating is not a reasonable assump-461 
tion, alternative methods must be used to account for the effects of 462 
nonuniform heating and resulting thermal gradients on the design 463 
strength of compression members, as the simple method assumes a 464 
uniform temperature distribution. 465 
 466 

(c) Design for Compression in Concrete-Filled Composite Columns  467 
 468 
For concrete-filled composite columns, the nominal strength for com-469 
pression shall be determined using the provisions of Section I2.2 with 470 
steel and concrete properties as stipulated in Section A-4.2.3b. Equa-471 
tion A-4-11 shall be used in lieu of Equations I2-2 and I2-3 to calcu-472 
late the nominal compressive strength for flexural buckling: 473 
 474 𝑃 (𝑇) = 0.45 ( )( ) . 𝑃 (𝑇) (A-4-11) 475 

 476 
where Pno(T) is calculated at elevated temperature using Equations I2-477 
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10, I2-11, and I2-12. Pe(T) is calculated at elevated temperature using 478 
Equations I2-5, I2-13, and I2-14. . Fy(T), f’c(T), Es(T), and Ec(T) are 479 
obtained using coefficients from Tables A-4.2.1 and A-4.2.2. 480 
 481 

(d) Design for Compression in Concrete-Filled Composite Plate Shear 482 
Walls 483 

 484 
For concrete-filled composite plate shear walls, the nominal strength 485 
for compression shall be determined using the provisions of Section 486 
I2.3 with steel and concrete properties as stipulated in Section A-487 
4.2.3b and Equation A-4-12 used in lieu of Equations I2-2 and I2-3 to 488 
calculate the nominal compressive strength for flexural buckling: 489 
 490 𝑃 (𝑇) = 0.32 ( )( ) . 𝑃 (𝑇) (A-4-12) 491 

 492 
where Pno(T) is calculated at elevated temperature using Equation I2-493 
16. Pe(T) is calculated at elevated temperature using Equations I2-5 494 
and I1-1.  Fy(T), f’c(Tc), Es(T), and Ec(Tc) are obtained using coeffi-495 
cients from Tables A-4.2.1 and A-4.2.2. 496 

 497 
User Note:  For composite members, the steel temperature is deter-498 
mined using heat transfer equations with heat input corresponding to 499 
the design-basis fire. The temperature distribution in concrete infill 500 
can be calculated using one- or two-dimensional heat transfer equa-501 
tions. The regions of concrete infill will have varying temperatures 502 
and mechanical properties. Concrete contribution to axial strength and 503 
effective stiffness can therefore be calculated by discretizing the cross-504 
section into smaller elements (with each concrete element considered 505 
to have a uniform temperature) and summing up the contribution of 506 
individual elements. 507 
 508 

(e) Design for Flexure   509 
 510 
For steel beams, the calculated bottom flange temperature shall be 511 
constant over the depth of the member.  512 
 513 

(1) The nominal strength for flexure shall be determined using the 514 
provisions of Chapter F with steel properties as stipulated in Section 515 
4.2.3b(b).Equations A-4-13 through A-4-19 shall be used in lieu of 516 
Equations F2-2 through F2-6 to calculate the nominal flexural strength 517 
for lateral-torsional buckling of doubly symmetric compact rolled 518 
wide-flange shapes bent about their major axis:  When ( )b rL L T≤  519 

   520 𝑀 (𝑇) =  𝐶 𝐹 (𝑇)𝑆 + 𝑀 (𝑇) − 𝐹 (𝑇)𝑆 1 − 𝐿𝐿 (𝑇) ≤ 𝑀 (𝑇) 

(A-4-13) 521 

(2) When ( )b rL L T>  522 

( )( ) ( )= ≤n cr x pM T F T S M T   (A-4-14) 523 

where 524 
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22

2
( )( ) 1 0.078b b

cr
x o tsb

ts

C E T Jc LF T
S h rL

r

π  = +  
  

 
 

 (A-4-15)525 

22( ) ( )( ) 1.95 6.76
( ) ( )

L
r ts

L x o x o

E T Jc Jc F TL T r
F T S h S h E T

  = + +   
   

  526 

  527 

 (A-4-16) 528 

( )( ) 0.3L y p yF T F k k= −   (A-4-17) 529 

( ) ( )p y xM T F T Z=  (A-4-18)
  
 530 

0.53 3.0
450x
Tc = + ≤  where T is in °F (A-4-19)531 

0.6 3.0
250x
Tc = + ≤  where T is in °C (A-4-19M) 532 

and 533 
T = elevated temperature of steel due to unintended fire, °F (°C) 534 

 535 
The material properties at elevated temperatures, E(T) and Fy(T), and 536 
the pk and yk coefficients are calculated in accordance with Table A-537 
4.2.1, and other terms are as defined in Chapter F.  538 
 539 
User Note:  FL(T) represents the initial yield stress, which assumes a 540 
residual stress of 0.3Fy. Alternatively, 10 ksi (69 MPa) may be used in 541 
place of 0.3Fy for calculation of FL(T).  542 
 543 
User Note: The equations for lateral-torsional buckling do not consid-544 
er local buckling. If applicable, the effects of local buckling must be 545 
considered with an alternative method.  546 

 547 
(f) Design for Flexure in Composite Beams   548 

 549 
For composite beams, the calculated bottom flange temperature shall 550 
be taken as constant between the bottom flange and mid-depth of the 551 
web and shall decrease linearly by no more than 25% from the mid-552 
depth of the web to the top flange of the beam. 553 
 554 
The nominal strength of a composite flexural member shall be deter-555 
mined using the provisions of Chapter I, with reduced yield stresses in 556 
the steel as determined from Table A-4.2.1. Steel properties will vary 557 
as the temperature along the depth of section changes. 558 
 559 
Alternatively, the nominal flexural strength of a composite beam, 560 

( )nM T , is permitted to be calculated using the bottom flange temper-561 
ature, T, as follows: 562 

    ( ) ( ) n nM T r T M=     (A-4-20) 563 
where,  564 
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nM  = nominal flexural strength at ambient temperature calculat-565 
ed in accordance with provisions of Chapter I, kip-in. (N-566 
mm)  567 

r(T) = retention factor depending on bottom flange temperature, T, 568 
as given in Table A-4.2.4 569 

 570 
TABLE A-4.2.4 

Retention Factor for Composite  
Flexural Members 

Bottom Flange Temperature, 
°F (°C) 

 
r(T)

68 (20) 1.00 
300 (150) 0.98 
600 (320) 0.95 
800 (430) 0.89 

1000 (540) 0.71 
1200 (650) 0.49 
1400 (760) 0.26 
1600 (870) 0.12 
1800 (980) 0.05 

  2000 (1100) 0.00 
 571 

(g) Design for Shear   572 
 573 

 The nominal strength for shear yielding shall be determined in 574 
accordance with the provisions of Chapter G, with steel properties as 575 
stipulated in Section 4.2.3b(a) and assuming a uniform temperature 576 
over the cross section. 577 

 578 
User Note:  Shear yielding equations do not consider shear buckling 579 
or tension field action. If applicable, these limit states must be consid-580 
ered with an alternative method. 581 

 582 
(h) Design for Combined Forces and Torsion   583 

The nominal strength for combinations of axial force and flexure about 584 
one or both axes, with or without torsion, shall be in accordance with 585 
the provisions of Chapter H with the design axial and flexural 586 
strengths as stipulated in Sections 4.2.4d(a) to (d).   Nominal strength 587 
for torsion shall be determined in accordance with the provisions of 588 
Chapter H, with the steel properties as stipulated in Section 4.2.3b(a), 589 
assuming uniform temperature over the cross section. 590 

 591 
4e. Design by Critical Temperature Method 592 

 593 
The critical temperature of a structural member is the temperature at which 594 
the demand on the member exceeds its capacity under fire conditions. The 595 
evaluation methods in this section are permitted to be used in lieu of 596 
Section 4.2.4d for tension members, continuously braced beams not 597 
supporting concrete slabs, or compression members that are assumed to be 598 
simply supported and develop a uniform temperature over the cross section 599 
throughout the fire exposure.   600 
 601 
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The use of the critical temperature methods shall be limited to steel 602 
members with wide-flange rolled shapes which have nonslender elements 603 
per Section B4.  604 

 605 
(a) Design for Tensile Yielding 606 

 607 
The critical temperature of a tension member is permitted to be calcu-608 
lated as follows: 609 
 610 

                      𝑇 = 816 − 306 ln   in °F                                              (A-4-21) 611 
 612 
                      𝑇 = 435 − 170 ln    in °C                                          (A-4-21M) 613 

where  614 
 615 

Tcr = critical temperature in °F (°C)  616 
Rn = nominal yielding strength at ambient temperature determined 617 
in accordance with the provisions in Section D2, kips (N) 618 
Ru = required tensile strength at elevated temperature, determined 619 
using the load combination in Equation A-4-1 and greater than 620 
0.01Rn, kips (N) 621 

 622 
User Note:  Tensile rupture in the net section is not considered in this 623 
critical temperature calculation and ought to be considered using alter-624 
native methods. 625 

 626 
(b) Design for Compression 627 

 628 
The critical temperature of a compression member is permitted to be 629 
calculated as follows: 630 
 631 𝑇 = 1580 − 0.814 − 1300   in °F                                  (A-4-22)                                          632 
 633 𝑇 = 858 − 0.455 − 722       in °C                              (A-4-22M)                                                              634 
 635 
where  636 
 637 

Lc = effective length of member, in. (mm) 638 
r  = radius of gyration, in. (mm) 639 
Pn = nominal compressive strength at ambient temperature determined 640 
in accordance with the provisions in Section E3, kips (N) 641 
Pu = required compressive strength at elevated temperature, deter-642 
mined using the load combination in Equation A-4-1, kips (N)   643 
 644 

(c) Design for Flexural Yielding 645 
 646 

The critical temperature of a continuously braced beam not supporting a 647 
concrete slab is permitted to be calculated as follows: 648 
 649 𝑇 = 816 − 306 ln   in °F                                                  (A-4-23) 650 
 651 𝑇 = 435 − 170 ln    in °C                                            (A-4-23M) 652 
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where  653 
Tcr = critical temperature in °F (°C)  654 
Mn = nominal flexural strength due to yielding at ambient temperature 655 

determined in accordance with the provisions in Section F2.1, kip-656 
in. (N-mm) 657 

Mu = required flexural strength at elevated temperature, determined 658 
using the load combination in Equation A-4-1, kip-in. and greater 659 
than 0.01Mn (N-mm) 660 

 661 
User Note:  Lateral-torsional buckling of beams is not considered in this 662 
critical temperature calculation and ought to be considered using alterna-663 
tive methods. 664 

4.3.   DESIGN BY QUALIFICATION TESTING  665 
 666 
1.   Qualification Standards 667 
 668 

Structural members and components in steel buildings shall be qualified 669 
for the rating period in conformance with ASTM E119.  Demonstration of 670 
compliance with these requirements using the procedures specified for 671 
steel construction in Section 5 of Standard Calculation Methods for 672 
Structural Fire Protection (ASCE/SEI/SFPE 29) is permitted. It is also 673 
permitted to demonstrate equivalency to such standard fire resistance 674 
ratings using the advanced analysis methods in Section 4.2 in combination 675 
with the fire exposure specified in ASTM E119 as the design-basis fire. 676 

 677 
User Note: There are other standard fire exposures which are more severe 678 
than that prescribed in ASTM E119, for example the hydrocarbon pool fire 679 
scenario defined in ASTM E1529 (UL 1709).  Fire resistance ratings 680 
developed on the basis of ASTM E119 are not directly substitutable for 681 
such more demanding conditions.     682 
 683 
The generic steel assemblies described in Table A-4.3.1 shall be deemed to 684 
have the fire resistance ratings prescribed therein.  685 
 686 
 687 

  688 
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 689 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance 
Ratings of Steel Assembliese 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-1.1 

Carbonate, lightweight 
and sand-lightweight 
aggregate concrete, 
members 6 in. × 6 in. or 
greater (not including 
sandstone, granite and 
siliceous gravel).a 

2-1/2 2 1-1/2 1 

1-1.2 

Carbonate, lightweight 
and sand-lightweight 
aggregate concrete, 
members 8 in. × 8 in. or 
greater (not including 
sandstone, granite and 
siliceous gravel).a 

2 1-1/2 1 1 

1-1.3 

Carbonate, lightweight 
and sand-lightweight 
aggregate concrete, 
members 12 in. × 12 in. 
or greater (not including 
sandstone, granite and 
siliceous gravel).a 

1-1/2 1 1 1 

1-1.4 

Siliceous aggregate 
concrete and concrete 
excluded in Item 1-1.1, 
members 6 in. × 6 in. or 
greater.a 

3 2 1-1/2 1 

1-1.5 

Siliceous aggregate 
concrete and concrete 
excluded in Item 1-1.1, 
members 8 in.× 8 in.or 
greater.a 

2-1/2 2 1 1 

1-1.6 

Siliceous aggregate 
concrete and concrete 
excluded in Item 1-1.1, 
members 12 in.× 12 in or 
greater.a 

2 1 1 1 

1-2.1 Clay or shale brick with 
brick and mortar fill.a 3-3/4 – – 2-1/4 

 690 
  691 
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 692 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

      
      
      
      

1-4.1 

Cement plaster over 
metal lath wire tied to 3/4 
in. cold-rolled vertical 
channels with 0.049 in. 
(No. 18 B.W. gage) wire 
ties spaced 3 to 6 in. on 
center. Plaster mixed 
1:2.5 by volume, cement 
to sand. 

– – 2-1/2b 7/8 

  693 

                                                           
a ICC IBC-2018 International Building Code, International Code Council. 
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 694 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-5.1 

Vermiculite concrete, 1:4 
mix by volume over 
paperbacked wire fabric 
lath wrapped directly 
around column with 
additional 2 × 2 in. 0.065 
/ 0.065 in. (No. 16/16 
B.W. gage) wire fabric 
placed 3/4 in. from outer 
concrete surface. Wire 
fabric tied with 0.049 in. 
(No. 18 B.W. gage) wire 
spaced 6 in. on center for 
inner layer and 2 in. on 
center for outer layer. 

2 – – – 

1-6.1 

Perlite or vermiculite 
gypsum plaster over 
metal lath wrapped 
around column and 
furred 1-1/4 in. from 
column flanges. Sheets 
lapped at ends and tied 
at 6 in. intervals with 
0.049 in. (No. 18 B.W. 
gage) tie wire. Plaster 
pushed through to 
flanges. 

1-1/2 1 – – 

1-6.2 

Perlite or vermiculite 
gypsum plaster over self-
furring metal lath 
wrapped directly around 
column, lapped 1 in. and 
tied at 6 in. intervals with 
0.049 in. (No. 18 B.W. 
gage) wire. 

1-3/4 1-3/8 1 – 

1-6.3 

Perlite or vermiculite 
gypsum plaster on metal 
lath applied to 3/4 in. 
cold-rolled channels 
spaced 24 in. apart 
vertically and wrapped 
flatwise around column. 

1-1/2 – – – 

 695 
  696 

                                                           
a ICC IBC-2018 International Building Code, International Code Council. 
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Table A-4.3.1[a] 
Minimum Fire Protection and Fire Resistance Ratings 

of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-6.4 Perlite or vermiculite 
gypsum plaster over two 
layers of 1/2 in. plain full-
length gypsum lath 
applied tight to column 
flanges. Lath wrapped 
with 1 in. hexagonal 
mesh of No. 20 gage wire 
and tied with doubled 
0.035 in. diameter (No. 
18 B.W. gage) wire ties 
spaced 23 in. on center. 
For three-coat work, the 
plaster mix for the 
second coat shall not 
exceed 100 pounds of 
gypsum to 2.5 cubic feet 
of aggregate for the 3-
hour system. 

2-1/2 2 – – 

1-6.5 Perlite or vermiculite 
gypsum plaster over one 
layer of 1/2 in. plain full-
length gypsum lath 
applied tight to column 
flanges. Lath tied with 
doubled 0.049 in. (No. 18 
B.W. gage) wire ties 
spaced 23 in. on center 
and scratch coat 
wrapped with 1 in. 
hexagonal mesh 0.035 
in. (No. 20 B.W. gage) 
wire fabric. For three-coat 
work, the plaster mix for 
the second coat shall not 
exceed 100 pounds of 
gypsum to 2.5 cubic feet 
of aggregate. 

– 2 – – 

 697 
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 699 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-7.1 Multiple layers of 1/2 in. 
gypsum wallboardc 
adhesivelyd secured to 
column flanges and 
successive layers. 
Wallboard applied 
without horizontal joints. 
Corner edges of each 
layer staggered. 
Wallboard layer below 
outer layer secured to 
column with doubled 
0.049 in. (No. 18 B.W. 
gage) steel wire ties 
spaced 15 in. on center. 
Exposed corners taped 
and treated. 

– – 2 1 

1-7.2 Three layers of 5/8 in. 
Type X gypsum 
wallboard.c First and 
second layer held in 
place by 1/8 in. dia. by 1-
3/8 in. long ring shank 
nails with 5/16 in. dia. 
heads spaced 24 in. on 
center at corners. Middle 
layer also secured with 
metal straps at mid-
height and 18 in. from 
each end, and by metal 
corner bead at each 
corner held by the metal 
straps. Third layer 
attached to corner bead 
with 1 in. long gypsum 
wallboard screws spaced 
12 in. on center. 

– – 1-7/8 – 

 700 
  701 
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 702 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-7.3 Three layers of 5/8 in. 
Type X gypsum 
wallboard,c each layer 
screw attached to 1-5/8 
in. steel studs, 0.018 in. 
thick (No. 25 carbon 
sheet steel gage) at each 
corner of column. Middle 
layer also secured with 
0.049 in. (No. 18 B.W. 
gage) double-strand steel 
wire ties, 24 in. on center. 
Screws are No. 6 by 1 in. 
spaced 24 in. on center 
for inner layer, No. 6 by 
1-5/8 in. spaced 12 in. on 
center for middle layer 
and No. 8 by 2-1/4 in. 
spaced 12 in. on center 
for outer layer. 

– 1-7/8 – – 

      
 703 

  704 
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 705 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

1. Steel 
columns 
and all of 
primary 
trusses 

1-9.1 Minimum W8×35 wide 
flange steel column (w/d 
≥ 0.75) with each web 
cavity filled even with the 
flange tip with normal 
weight carbonate or 
siliceous aggregate 
concrete (3,000 psi 
minimum compressive 
strength with 145 pcf ± 3 
pcf unit weight). 
Reinforce the concrete in 
each web cavity with 
minimum No. 4 deformed 
reinforcing bar installed 
vertically and centered in 
the cavity, and secured to 
the column web with 
minimum No. 2 horizontal 
deformed reinforcing bar 
welded to the web every 
18 in. on center vertically. 
As an alternative to the 
No. 4 rebar, 3/4 in. 
diameter by 3 in. long 
headed studs, spaced at 
12 in. on center vertically, 
shall be welded on each 
side of the web midway 
between the column 
flanges. 

– – – See 
Note f 

 

2. Webs or 
flanges of 
steel beams 
and girders 

2.1-1 Carbonate, lightweight 
and sand-lightweight 
aggregate concrete (not 
including sandstone, 
granite and siliceous 
gravel) with 3 in. or finer 
metal mesh placed 1 in. 
from the finished surface 
anchored to the top 
flange and providing not 
less than 0.025 in.2 of 
steel area per foot in 
each direction. 

2 1-1/2 1 1 

 706 
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 708 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number 

Fire Protection Material 
Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

2. Webs or 
flanges of 
steel beams 
and girders 

2-1.2 Siliceous aggregate 
concrete and concrete 
excluded in Item 2-1.1 
with 3 in. or finer metal 
mesh placed 1 in. from 
the finished surface 
anchored to the top 
flange and providing not 
less than 0.025 in.2 of 
steel area per foot in 
each direction. 

2-1/2 2 1-1/2 1 

2-2.1 Cement plaster on metal 
lath attached to 3/4 in. 
cold-rolled channels with 
0.04 in. (No. 18 B.W. 
gage) wire ties spaced 3 
in. to 6 in. on center. 
Plaster mixed 1:2.5 by 
volume, cement to sand. 

– – 2-1/2b 7/8 

2-3.1 Vermiculite gypsum 
plaster on a metal lath 
cage, wire tied to 0.165 
in. diameter (No. 8 B.W. 
gage) steel wire hangers 
wrapped around beam 
and spaced 16 in. on 
center. Metal lath ties 
spaced approximately 5 
in. on center at cage 
sides and bottom. 

– 7/8 – – 

 709 
  710 
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 711 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings of Steel 
Assembliese (continued) 

Assembly Item 
Number Fire Protection Material Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

2. Webs or 
flanges of 
steel beams 
and girders 

2-4.1 Two layers of 5/8 in. Type X gypsum 
wallboardc are attached to U-shaped 
brackets spaced 24 in. on center. 
0.018 in. thick (No. 25 carbon sheet 
steel gage) 1-5/8 in. deep by 1 in. 
galvanized steel runner channels 
are first installed parallel to and on 
each side of the top beam flange to 
provide a 1/2 in. clearance to the 
flange. The channel runners are 
attached to steel deck or concrete 
floor construction with approved 
fasteners spaced 12 in. on center. 
U-shaped brackets are formed from 
members identical to the channel 
runners. At the bent portion of the U-
shaped bracket, the flanges of the 
channel are cut out so that 1-5/8 in. 
deep corner channels can be 
inserted without attachment parallel 
to each side of the lower flange.  
 
As an alternative, 0.021 in. thick 
(No. 24 carbon sheet steel gage) 1 
in. × 2 in. runner and corner angles 
shall be used in lieu of channels, 
and the web cutouts in the U-shaped 
brackets shall not be required. Each 
angle is attached to the bracket with 
1/2-in.-long No. 8 self-drilling 
screws. The vertical legs of the U-
shaped bracket are attached to the 
runners with one 1/2 in. long No. 8 
self-drilling screw. The completed 
steel framing provides a 2-1/8 in. 
and 1-1/2 in. space between the 
inner layer of wallboard and the 
sides and bottom of the steel beam, 
respectively. The inner layer of 
wallboard is attached to the top 
runners and bottom corner channels 
or corner angles with 1-1/4 in.-long 
No. 6 self-drilling screws spaced 16 
in. on center. The outer layer of 
wallboard is applied with 1-3/4 in.-
long No. 6 self-drilling screws 
spaced 8 in. on center. The bottom 
corners are reinforced with metal 
corner beads. 

– – 1-1/4 – 

                                                           
a ICC IBC-2018 International Building Code, International Code Council. 



PUBLIC
 R

EVIEW O
NE 

AUGUST 3,
 20

20

   APP4-26 
 

Specification for Structural Steel Buildings, xx, 2022 
PUBLIC REVIEW ONE Draft Dated August 3, 2020 

AMERICAN INSTITUTE OF STEEL CONSTRUCTION 
 

 712 
Table A-4.3.1[a] 

Minimum Fire Protection and Fire Resistance Ratings 
of Steel Assembliese (continued) 

Assembly Item 
Number Fire Protection Material Used 

Minimum Thickness (in.) of 
Insulating Material for Fire-

Resistance Times (hr.) 
4 hrs 3 hrs 2 hrs 1 hr 

2. Webs or 
flanges of 
steel beams 
and girders 

2-4.2 Three layers of 5/8 in. Type X 
gypsum wallboardc attached 
to a steel suspension system 
as described immediately 
above utilizing the 0.018 in. 
thick (No. 25 carbon sheet 
steel gage) 1 in. × 2 in. lower 
corner angles. The framing is 
located so that a 2-1/8 in. and 
2 in. space is provided 
between the inner layer of 
wallboard and the sides and 
bottom of the beam, 
respectively. The first two 
layers of wallboard are 
attached as described 
immediately above. A layer of 
0.035 in. thick (No. 20 B.W. 
gage) 1 in. hexagonal 
galvanized wire mesh is 
applied under the soffit of the 
middle layer and up the sides 
approximately 2 in. The mesh 
is held in position with the  
No. 6 1-5/8-in.-long screws 
installed in the vertical leg of 
the bottom corner angles. 
The outer layer of wallboard 
is attached with No. 6 2-1/4 
in.-long screws spaced 8 in. 
on center. One screw is also 
installed at the mid-depth of 
the bracket in each layer. 
Bottom corners are finished 
as described above. 

– 1-7/8 – – 

a Reentrant parts of protected members to be filled solidly. 
b Two layers of equal thickness with a 3/4-in. airspace between. 
c For all of the construction with gypsum wallboard, gypsum base for veneer plaster of 
the same size, thickness and core type is permitted to be substituted for gypsum 
wallboard, provided attachment is identical to that specified for the wallboard, the joints 
on the face layer are reinforced, and the entire surface is covered with not less than 
1/16-inch gypsum veneer plaster. 

d An approved adhesive qualified under ASTM E119. 
e Generic fire-resistance ratings (those not designated as PROPRIETARY* in the listing) 
in GA 600 shall be accepted as if herein listed. 

                                                           
a ICC IBC-2018 International Building Code, International Code Council. 
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2.        Structural Steel Assemblies 713 
 714 
The provisions of this section contain procedures by which the standard 715 
fire-resistance ratings of structural steel assemblies are established by 716 
calculations.  Use of these provisions is permitted in place of and/or as a 717 
supplement to published fire resistive assemblies based on ASTM E119.   718 
The installation of the fire protection material shall comply with the 719 
applicable requirements of the building code, the referenced approved 720 
assemblies, and manufacturer instructions.  721 
 722 
The weight-to-heated-perimeter ratios (W/D) and area-to-heated-perimeter 723 
ratios (A/P) shall be determined in accordance with the definitions given in 724 
this section.  As used in these sections, W is the average weight of a  shape 725 
in pounds per linear foot and A is the area in square inches. The heated 726 
perimeter, D or P, is the inside perimeter of the fire-resistant material or 727 
exterior contour of the steel shape in inches, as defined for each type of 728 
member.  729 
 730 
User Note:  These procedures establish a basis for determining the fire 731 
resistance rating of steel construction assemblies as a function of the 732 
thickness of fire-resistant material, the weight, W, or area, A, and the 733 
applicable heated perimeter, D or P, of the fire protection material or 734 
structural steel member. The W/D and A/P ratios are equivalent and 735 
mutually convertible section properties that represent their thermal inertia.  736 
W/D has conventionally been used for open wide-flange shapes, while A/P 737 
has been used for closed hollow structural sections.  738 
 739 
The heated perimeter, D or P, is a function of the configuration of the steel 740 
fire protection material installation, which can be in either a contour or box 741 
profile, together with the nature of the heat exposure on the steel member.  742 
The latter is typically characterized as either an all-around exposure of the 743 
steel shape, as for an interior column, or as a 3-sided exposure of a floor 744 
beam supporting a concrete floor. Tabulations of W/D and A/P values for 745 
these cases and for the standard rolled steel shapes are available from 746 
multiple sources, including AISC Design Guide 19 (a free download for 747 
members from www.aisc/org/dg) and other publications.       748 
 749 
2.1 Steel Columns 750 
 751 
The fire-resistance ratings of columns shall be based on the size of the 752 
member and the type of protection provided in accordance with this 753 
section.    754 
 755 
The application of these procedures for noncomposite steel column 756 
assemblies shall be limited to designs in which the fire-resistant material is 757 
not designed to carry any of the load acting on the column. 758 
 759 
Mechanical, electrical, and plumbing elements shall not be embedded in 760 
required fire-resistant materials, unless fire-endurance test results are 761 
available to establish the adequacy of the resulting condition. 762 
 763 
User Note:  The International Building Code requires fire resistance rated 764 
columns to be protected on all sides for the full column height, including 765 
connections with other structural members and protection continuity 766 
through any ceilings to the top of the column. 767 
 768 
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 769 
2.1.1 Gypsum Wallboard Protection  770 
 771 
The fire resistance of columns with weight-to-heated perimeter ratios 772 
(W/D) less than or equal to 3.65 lb/ft/in. and protected with Type X 773 
gypsum wallboard is permitted to be determined from the following 774 
expression for a maximum column rating of 4-hours: 775 
 776 

0.75

130
2

WhR D
′  

  =   
 

     (A-4-24)[a],[b] 777 

 778 𝑅 =  96 .
        (A-4-24M)[a] 779 

 780 
where 781 

D  = inside heated perimeter of the gypsum board, in. (mm) 782 
R  = fire resistance, minutes 783 
W  = nominal weight of steel shape, lb/ft (kg/m) 784 
h  = total nominal thickness of Type X gypsum wallboard, in. (mm) 785 
 786 

and 787 
50
144

W W h
D D

′
= +  (A-4-25)[a],[b] 788 

 789 = + 0.0008ℎ             (A-4-25M)[a] 790 
 791 
For columns with weight-to-heated-perimeter ratios (W/D) greater than 792 
3.65 lb/ft/in., the thickness of Type X gypsum wallboard required for 793 
specified fire-resistance ratings shall be the same as the thickness deter-794 
mined for W/D = 3.65 lb/ft/in. 795 
 796 
User Note:  This equation has been developed and long used for steel 797 
column fire protection with any Type X gypsum board.  Since Type C 798 
gypsum board has demonstrated improved fire performance relative to 799 
Type X board, these provisions may also be conservatively applied to 800 
column protection with any Type C gypsum board.  The supporting test 801 
data and accompanying gypsum board installation methods limit the 802 
computed fire resistance rating of the steel column to a maximum of 3-803 
hours or 4-hours, as specified in the next section. 804 
 805 
The gypsum board or gypsum panel products shall be installed and 806 
supported as required either in UL X526 for fire-resistance ratings of four 807 
hours or less, or in UL X528 for fire-resistance ratings of three hours or 808 
less. 809 

 810 
User Note:  The attachment of the Type X gypsum board protection for the 811 
steel columns must be done in accordance with the referenced UL assem-812 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection 
b ICC IBC-2018 International Building Code, International Code Council. 
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blies.  UL X526 is applicable only when exterior steel covers are installed 813 
over the gypsum board.  Otherwise, UL X528 describes the more general 814 
gypsum board installation.      815 
 816 
2.1.2 Sprayed and Intumescent/Mastic Fire-Resistant Materials  817 
 818 
The fire resistance of columns protected with sprayed or intumes-819 
cent/mastic fire-resistant coatings shall be determined on the basis of 820 
standard fire-resistance rated assemblies, any associated computations and 821 
limits as provided in the applicable rated assemblies. 822 
 823 
The fire resistance of wide-flange columns protected with sprayed fire-824 
resistant materials is permitted to be determined as: 825 
 826 

1 2
WR C C h
D

  = +    
                             (A-4-26)[a],[b] 827 

 828 𝑅 =  𝐶 + 𝐶 ℎ     (A-4-26M)[a] 829 
 830 

where 831 
R = fire resistance, minutes 832 
h = thickness of sprayed fire-resistant material, in. 833 
D = heated perimeter of the column, in. 834 
C1,C2 , C3, and C4= material-dependent constants prescribed in speci-835 

fied rated assembly. 836 
W = weight of columns, pounds per linear foot 837 

 838 
The material dependent constants, C1, C2, C3, and C4 shall be determined 839 
for specific fire-resistant materials on the basis of standard fire endurance 840 
tests.  The computational usage for each correlation, protection product and 841 
its material-dependent constants shall be limited to the range of their 842 
underlying fire test basis reflected in the selected rated assembly.    843 
  844 
User Note:  The fire resistance rated steel column assemblies, published 845 
by UL and by other test laboratories, will often include such interpolation 846 
equations and specific constants that depend on the particular fire protec-847 
tion product.   The applicability limits of each given design correlation 848 
relative to the column assembly, sprayed fire-resistant protection product, 849 
W/D, rating duration, minimum required thickness, and the like must be 850 
followed to remain within the range of the existing fire test data range.  851 
 852 
The fire resistance of HSS columns protected with sprayed fire-resistant 853 
materials is permitted to be determined from empirical correlations similar 854 
to Equation A-4-25 expressed in terms of A/P values, wherein A is the area 855 
in in.2 (mm2) and P is the heated perimeter.  The applicability limits 856 
specified in the rated column assembly for each correlation and its 857 
material-dependent constants shall be followed.  858 
 859 
User Note: A/P is a directly convertible and equivalent steel section 860 
property to W/D which has traditionally been used in fire resistive compu-861 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection 
b ICC IBC-2018 International Building Code, International Code Council. 
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tations for HSS sections.  Similar to W/D for open wide flange shapes, 862 
tabulation of A/P values for standard closed shapes with contour and box 863 
protection applications are available from multiple sources, including 864 
AISC and the published literature. The applicability limits of each given 865 
design correlation relative to the column assembly, sprayed fire-resistant 866 
protection product, A/P, rating duration, minimum required thickness, and 867 
the like must be followed to remain within the range of the existing fire test 868 
result range .  869 
 870 
2.1.3 Noncomposite Columns Encased in Concrete   871 
 872 
The fire resistance of noncomposite columns fully encased within concrete 873 
protection is permitted to be determined from the following expression: 874 
 875 

( )1 0.03oR R m= +                               (A-4-27)[a],[b] 876 
 877 

 878 
              where  879 

              ( )

0.80.7 1.6

0.210 17 1 26o
c cc

W h HR
D p c h L hk

      = + × +     +       
  (A-4-28)[a],[b] 880 

 881 𝑅 = 73 . + 0.162 .. 1 + 31,000 ( ) .
   (A-4-28M)[a] 882 

 883 
 884 
R = fire endurance at equilibrium moisture conditions, minutes 885 
Ro = fire endurance at zero moisture content, minutes 886 
m = equilibrium moisture content of the concrete by volume, percent  887 
W = average weight of the column, lb/ft (kg/m) 888 
D = heated perimeter of the column, in. (mm) 889 
h = thickness of the concrete cover, measured between the exposed 890 

concrete and nearest outer surface of the encased steel column sec-891 
tion, in. (mm) 892 

kc = ambient temperature thermal conductivity of the concrete, Btu/hr ft 893 
°F. (W/m K) 894 

H = ambient temperature thermal capacity of the steel column, Btu/ ft °F 895 
(W/kJ m K) 896 

 = 0.11W (0.46 W) 897 
pc = concrete density, lb/ft3 (kg/m3) 898 
cc = ambient temperature specific heat of concrete, Btu/lb °F (kJ/kg K) 899 
L = interior dimension of one side of a square concrete box protection, 900 

in. (mm) 901 
 902 
When the inside perimeter of the concrete protection is not square, L shall 903 
be taken as the average of its two rectangular side lengths (L1 and L2).  If 904 
the thickness of the concrete cover is not constant, h shall be taken as the 905 
average of h1 and h2.  906 
 907 
User Note: The variables in these equations are illustrated in the figure 908 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection 
b ICC IBC-2018 International Building Code, International Code Council. 



PUBLIC
 R

EVIEW O
NE 

AUGUST 3,
 20

20

   APP4-31 
 

Specification for Structural Steel Buildings, xx, 2022 
PUBLIC REVIEW ONE Draft Dated August 3, 2020 

AMERICAN INSTITUTE OF STEEL CONSTRUCTION 
 

 909 
 910 
 911 
For wide-flange columns completely encased in concrete with all reentrant 912 
spaces filled, the thermal capacity of the concrete within the reentrant 913 
spaces is permitted to be added to the ambient thermal capacity of the steel 914 
column, as follows: 915 

( )0.11
144

c c
f s

p cH W b d A = + − 
 

             (A-4-29)[a],[b] 916 𝐻 = 0.46𝑊 + , , (𝑏 𝑑 − 𝐴 )                                    (A-4-29M) [a] 917 
 918 
where: 919 

bf  = flange width of the column, in. (mm) 920 
d  =depth of the column, in. (mm) 921 
As  = area of the steel column, in.2 (mm2) 922 

 923 
User Note: It is conservative to neglect this additional concrete term in the 924 
column fire resistance calculation.   925 
 926 
In the absence of more specific data for the ambient properties of the 927 
concrete encasement, it is permitted to use the values provided in Table A-928 
4.3.2.  929 
 930 
 931 

Table A-4.3.2[c] 
Ambient Properties of Concrete Encasement 

for Steel Column Fire Resistance 

Property Normal Weight 
Concrete 

Light Weight 
Concrete 

Thermal conductivity, kc 
0.95 Btu/hr ·ft ·°F  

(1.64 W/m  K) 
0.35 Btu/hr · ft ·°F 

(0.61 W/m  K) 

Specific heat, cc 0.20 Btu/lb °F 
(840 J/kg  K) 

0.20 Btu/lb °F 
(840 J/kg  K) 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection 
b ICC IBC-2018 International Building Code, International Code Council. 
c ICC IBC-2018 International Building Code, International Code Council. 
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Density, pc 145 lb/ft3  
(2300 kg/m3) 

110 lb/ft3 

(1800 kg/m3) 

Equilibrium (free) moisture 
content (m) by volume 4% 5% 

 932 
 933 

User Note: The estimated free moisture content of concrete given in Table 934 
A-4.3.2 may not be appropriate for all conditions, particularly for older 935 
concrete that has already been in service for a longer time.  For these and 936 
similar situations of uncertainty, it is conservative to not rely on this 937 
beneficial effect of the free moisture and to assume the concrete is 938 
completely dry with m=0 for fire resistance of Ro.  939 
 940 
2.1.4 Noncomposite Columns Encased in Masonry Units of Concrete 941 
or Clay  942 
 943 
The fire resistance of noncomposite columns protected by encasement with 944 
concrete masonry units or with clay masonry units is permitted to be 945 
determined from the following expression: 946 
 947 

( )
( )

0.80.7 1.6

0.20.17 0.285 1.0 42.7
0.25

s m ee

e

A d TW TR
D p TK

       = + +      +        
 948 

 (A-4-30) [a] 949 
 950 𝑅 = 1.22 . + 0.0027 .. 1.0 + 1249 ( . ) .

       951 

                                    (A-4-30M) 952 
 953 

where 954 
R = fire-resistance rating of column assembly, hours 955 
W = average weight of column, lb/ft (kg/m) 956 
D = heated perimeter of column, in. (mm) 957 
Te = equivalent thickness of concrete or clay masonry unit,  958 

in accordance with ACI 216.1, in. (mm) 959 
K = thermal conductivity of concrete or clay masonry unit, Btu/hr · ft · 960 

°F  (see Table A-4.3.3). 961 
As = cross-sectional area of column, in.2 (mm2) 962 
dm = density of the concrete or clay masonry unit, lb/ft3 (kg/m3) p = 963 

inner perimeter of concrete or clay masonry protection, in. (mm) 964 
 965 
The thermal conductivity values given in Table A-4.3.3 as a function of the 966 
concrete or clay masonry unit density is permitted for use with this 967 
encasement protection formulation.    968 
 969 
User Note:  Equation A-4-30 is derived from Equation A-4-27 assuming m 970 
= 0, cc = 0.2 Btu/lb °F, h = Te, and L = p/4.   The following cross-sections 971 
illustrate three different configurations for concrete masonry units or clay 972 
masonry unit encasement of steel columns, along with the applicable fire 973 
protection design variables.  974 
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 975 
 976 
d  = depth of a wide flange column, outside diameter of pipe column,  977 
        or outside dimension of hollow structural section column, in. (mm) 978 
tw  = thickness of web of wide flange column, in. (mm) 979 
w  = width of flange of wide flange or hollow structural section, in. (mm) 980 
 981 

Table A-4.3.3[a] 
Thermal Conductivity of Masonry Units for 

Steel Column Encasement
Unit Density,  

dm, lb/ft3 (kg/m3) 
Unit Thermal Conductivity 

 K, Btu/hr ft °F (W/m K) 
Concrete Masonry Units 

80 (1280) 0.207 (0.358) 
85 (1360) 0.228 (0.395) 
90 (1440) 0.252 (0.436) 
95 (1520) 0.278 (0.481) 

100 (1600) 0.308 (0.533) 
105 (1680) 0.340 (0.589) 
110 (1760) 0.376 (0.651) 
115 (1840) 0.416 (0.720) 
120 (1920) 0.459 (0.795) 
125 (2000) 0.508 (0.879) 
130 (2080) 0.561 (0.971) 
135 (2160) 0.620 (1.07) 
140 (2240) 0.685 (1.19) 
145 (2320) 0.758 (1.31)
150 (2400) 0.837 (1.45)

Clay Masonry Units 
120 (1920) 1.25 (2.16) 
130 (2080) 2.25 (3.89) 

 982 
 983 
 984 
 985 

2.2 Composite Steel-Concrete Columns 986 
 987 
The fire resistance rating of columns acting compositely with concrete 988 
(concrete-filled or encased) is permitted to be based on the size of the 989 
composite member and concrete protection in accordance with this section.   990 
 991 
2.2.1 Concrete-Filled Columns 992 
 993 
The fire resistance rating of hollow structural section (HSS) columns filled 994 
with unreinforced normal weight concrete, steel-fiber-reinforced normal 995 

                                                           
a ICC IBC-2018 International Building Code, International Code Council. 
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weight concrete or bar-reinforced normal weight concrete is permitted to 996 
be determined in accordance with the following expressions:  997 
 998 

  (A-4-31)[a] 999 

𝑅 = 0.58𝑎(𝑓 + 2.9)𝐷 𝐷𝐶 .𝐿 − 3.28  

  (A-4-31M)[a] 1000 

𝑅 =  𝑎(𝑓 + 20)𝐷 𝐷𝐶 .60(𝐿 − 1000)  

 1001 
R  = fire resistance rating in hours  1002 
a  = constant determined from Table A-4.3.4 1003 
f’c  = 28-day compressive strength of concrete, ksi(MPa)  1004 
Lc = column effective length, ft (mm)  1005 
D  = outside diameter for circular columns, in. (mm)  1006 
     = outside dimension for square columns, in. (mm)  1007 
     = least outside dimension for rectangular columns, in. (mm)  1008 
C  = compressive force due to unfactored dead load and live load,  kips 1009 

(kN)  1010 
 1011 
The application of these equations shall be limited by all of the following 1012 
conditions:  1013 
1. The required fire resistance rating R shall be less than or equal to the 1014 

limits specified in Tables A-4.3.5 or A-4.3.5M.  1015 
2. The specified compressive strength of concrete, f′c , the column 1016 

effective length, Lc, the dimension D, the concrete reinforcement ratio, 1017 
and the thickness of the concrete cover shall be within the limits speci-1018 
fied in Tables A-4.3.5 or A-4.3.5M.  1019 

3. C shall not exceed the design strength of the concrete or the reinforced 1020 
concrete core determined in accordance with this Specification. 1021 

4. Two minimum 1/2 in.(12.7 mm) diameter holes shall be placed 1022 
opposite each other at the top and bottom of the column and at maxi-1023 
mum 12-ft on center spacing along the column height. Each set of vent 1024 
holes should be rotated 90° relative to the adjacent set of holes to re-1025 
lieve steam pressure. 1026 

 1027 
User Note: Concrete-filled hollow structural sections (HSS) can effective-1028 
ly sustain load during a fire exposure without benefit of any external 1029 
protection for the steel HSS. The concrete infill mass provides both an 1030 
increased capacity for absorbing the heat caused by the fire and loadbear-1031 
ing strength to thereby extend the column fire resistance duration. Research 1032 
conducted at the National Research Council of Canada has provided a 1033 
basis for establishing an empirical equation to predict the standard fire 1034 
resistance of concrete-filled round and square HSS section for commonly 1035 
used story heights and steel sections.  This empirical equation was derived 1036 
from and can only be used within the allowable range of design variables, 1037 
as given, and is not applicable to lightweight concrete infill.     1038 
 1039 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection 
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The fire performance of a concrete-filled HSS column is improved when 1040 
heat absorption occurs as the moisture in the concrete is converted to 1041 
steam. The heat absorbed during this phase change is significant, however 1042 
the resulting steam must be released to prevent the adverse effects of an 1043 
internal pressure build-up within the HSS column. Thus, vent holes must 1044 
be provided in the steel section, as indicated in the given limitation #4. 1045 
 1046 



PUBLIC
 R

EVIEW O
NE 

AUGUST 3,
 20

20

   APP4-36 
 

Specification for Structural Steel Buildings, xx, 2022 
PUBLIC REVIEW ONE Draft Dated August 3, 2020 

AMERICAN INSTITUTE OF STEEL CONSTRUCTION 
 

 1047 
Table A-4.3.4 Values of Constant a for Normal 

Weight Concrete 
Aggregate 

Type 
Concrete Fill 

Type 
Reinf. 
Ratio 
(%) 

a 

Circular 
Columns 

Sq. or Rect.  
Columns 

siliceous unreinforced NA 0.070 0.060 

siliceous steel-fiber- 
reinforced 2 % 0.075 0.065 

siliceous steel-bar- 
reinforced 

1.5 – 3 0.080 0.070 
3 – 5 0.085 0.070 

carbonate unreinforced NA 0.080 0.070 

carbonate steel-fiber- 
reinforced 2 0.085 0.075 

carbonate steel-bar- 
reinforced 

1.5 - 3 0.090 0.080 
3 – 5 0.095 0.085 
 1048 

Table A-4.3.5 Limits for the use of Equation A-4.25 
Parameters 

Parameter Concrete Fill Type 
Unreinforced steel-fiber- 

reinforced 
steel-bar  

reinforced 
R (hours) ≤ 2 ≤ 3 ≤ 3 
fc’ (ksi) 2.9 – 5.8 2.9 – 8.0 2.9 – 8.0 
Lc (ft) 6.5 – 13.0 6.5 – 15.0 6.5 – 15.0 

D (round) (in) 5.5 – 16.0 5.5 – 16.0 6.5 – 16.0 
D (sq. or rect.) (in) 5.5 – 12.0 4.0 – 12.0 7.0 – 12.0 

Reinf. (%) NA 2% of concrete 
 mix by mass 

1.5 – 5% 
of section area 

Concrete cover (in) NA NA ≥ 1.0 
 1049 

Table A-4.3.5M. Limits for the use of Equation A-
4.25MParameters 

Parameter Concrete Fill Type 
unreinforced steel-fiber- 

reinforced  
steel-bar- 
reinforced  

R (hours)  ≤ 2 ≤ 3 ≤ 3 
fc’ (MPa)  20 – 40 20-55 20-55 
Lc (mm)  2000 – 4000 2000 - 4500 2000 - 4500 

D (round) (mm)  140 – 410 140 - 410 165 - 410 
D (sq. or rect.) (mm)  140 – 305 102 - 305 175 - 305 

Reinf. (%)  NA 2% of concrete  
mix by mass 

1.5 – 5% 
of section area 

Concrete cover (mm)  NA NA ≥ 25 
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2.2.2 Composite Columns Encased in Concrete 1050 
 1051 
The fire resistance of composite columns fully encased within normal 1052 
weight or lightweight concrete and with no unfilled spaces is permitted to 1053 
be determined as the lesser of Equation A-4-30 and the values in Table A-1054 
4.3.6.   1055 

 1056 
Table A-4.3.6 Minimum size and concrete 

cover limits for fire resistance of composite 
steel columns encased in concrete with no 

unfilled spaces 
Fire Resistance 

Rating, hrs 
Minimum Concrete 
Cover, h, in. (mm) 

Minimum Column 
Outside Dimension, in. (mm) 

1 1 (25) 8 (200) 
2 2 (50) 10 (250) 
3 2 (50) 12 (300) 
4 2 (50) 14 (350) 

 1057 
User Note: The fire resistance ratings and requirements in Table A-4.3.7 1058 
were directly adapted from the ACI 216.1 provisions for conventional bar-1059 
reinforced concrete columns. Substitution of an embedded structural steel 1060 
shape for steel bar reinforcement should not reduce the fire resistance of 1061 
the loadbearing concrete parts of column, and the R computed for the same 1062 
but assumed non-composite steel column accordingly verifies the fire 1063 
resistance of the loadbearing steel shape. The concrete cover, h, is defined 1064 
identical to that used for non-composite steel columns encased in concrete.          1065 

  1066 
2.3  I-Shaped Beams and Girders 1067 
 1068 
The fire-resistance ratings of beams and girders shall be based upon the 1069 
size of the element and the type of protection provided in accordance with 1070 
this section. 1071 
 1072 
These procedures establish a basis for determining resistance of structural 1073 
steel beams and girders that differ in size from that specified in approved 1074 
fire-resistance-rated assemblies as a function of the thickness of fire-1075 
resistant material and the weight (W) and heated perimeter (D) of the beam 1076 
or girder.  1077 
 1078 
The beams provided in approved fire-resistance-rated assemblies shall be 1079 
considered to be the minimum permissible size. Other beam or girder 1080 
shapes is permitted to be substituted provided that the weight-to-heated-1081 
perimeter ratio (W/D) of the substitute beam is equal to or greater than that 1082 
of the minimum beam specified in the approved assembly. 1083 
 1084 
User Note:  In the past, the substitution of larger beams for the minimum 1085 
required sizes has been permitted based upon the thickness of web and 1086 
flange elements, W/D ratio, or the beam size designation.  Extensive fire 1087 
research has shown that the heat transfer to a protected steel beam or girder 1088 
is actually a direct function of the W/D ratio. As a result, beam substitu-1089 
tions should be more directly based upon W/D ratios. The significance of 1090 
the thickness of web and flange elements and beam size is inherently 1091 
included in the determination of W/D ratios. 1092 
It is acceptable and conservative to protect a larger steel beam or girder, 1093 
which has a greater W/D value than the W/D of the minimum member size 1094 
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specified in an approved assembly, with the thickness of fire protection 1095 
material required for the minimum member size.      1096 

 1097 
2.3.1 Sprayed and Intumescent/Mastic Fire-Resistant Materials  1098 
 1099 
The provisions in this section apply to beams and girders protected with 1100 
sprayed or intumescent/mastic fire-resistant materials.  1101 
 1102 
Larger or smaller beam and girder shapes protected with sprayed fire-1103 
resistant materials  are permitted to be substituted for beams specified in 1104 
approved unrestrained or restrained fire-resistance-rated assemblies, 1105 
provided that the thickness of the fire-resistant material is adjusted in 1106 
accordance with the following expression: 1107 
 1108 

h2 = h1 [(W1 / D1) + 0.60] / [(W2 / D2) + 0.60]      (A-4-32)[a],[b] 1109 
 1110 ℎ = ℎ (𝑊 /𝐷 ) + 0.036 / (𝑊 /𝐷 ) + 0.036    (A-4-32M) [a] 1111 
 1112 
where: 1113 
h = thickness of sprayed fire-resistant material, in. (mm) 1114 
W = weight of the beam or girder, lb/ft (kg/m) 1115 
D = heated perimeter of the beam, in. (mm) 1116 

 1117 
Subscript 1 refers to the substitute beam or girder and the required 1118 
thickness  of fire-resistant material. 1119 
Subscript 2 refers to the beam and fire-resistant material thickness in the 1120 
approved assembly. 1121 
 1122 
The use of this Equation is limited to the following conditions: 1123 
 1124 
1. The weight-to-heated-perimeter ratio for the substitute beam or girder 1125 

(W1/D1) shall be not less than 0.37 (customary units) or 0.022 (SI 1126 
units). 1127 

2. The thickness of fire protection materials calculated for the substitute 1128 
beam or girder (T1) shall be not less than 3/8 in. (10 mm). 1129 

3. The unrestrained or restrained beam rating shall be not less than 1 1130 
hour. 1131 

4. Where used to adjust the material thickness for a restrained beam, the 1132 
use of this procedure is limited to sections classified as compact. 1133 

 1134 
User Note:  This substitution equation based on W/D for beams protected 1135 
with spray-applied fire resistive materials was developed by UL with the 1136 
given limitations. The minimum W/D ratio of 0.37 prevents the use of this 1137 
equation for determining the fire resistance of very small shapes that have 1138 
not been tested. The 3/8-in. (10 mm) minimum thickness of protection is a 1139 
practical application limit based upon the most commonly used spray-1140 
applied fire protection materials. 1141 
 1142 
The fire resistance of beams and girders protected with intumescent or 1143 
mastic fire-resistant coatings shall be determined on the basis of standard 1144 

                                                           
a ASCE/SEI/SFPE 29-05 Standard Calculation Methods for Structural Fire Pro 
tection. 
b ICC IBC-2018 International Building Code, International Code Council. 
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m = moisture content of the concrete slab. Range of applicability is 1193 
between 0% (0.0) and 10% (0.1) 1194 

 1195 
The coefficients 𝑎  to 𝑎  are shown in Table A-4.3.7. 1196 
 1197 

 1198 
TABLE A-4.3.7 Coefficients 𝒂𝟎 to 𝒂𝟏𝟔 for use 

with Equation A-4-33 

Coefficient 

Coefficient Value 

Normal-weight concrete Lightweight concrete 𝑎  38.6 min 68.7 min 𝑎  -5.08 min/in (-0.2 min/mm) -36.58 min/in (-1.44 min/mm) 𝑎  −1.45 min/in (−0.057 min/mm) -2.79 min/in (-0.11 min/mm) 𝑎  −3.30 min/in (−0.13 min/mm) −12.70 min/in (−0.5 min/mm) 𝑎  −2.08 min/in (−0.082 min/mm) 20.07 min/in (0.79 min/mm) 𝑎  -118.1 min -784.2 min 𝑎  4.06 min/in2 (0.0063 min/mm2) 8.84 min/in2 (0.0137 min/mm2) 

𝑎  1.48 min/in2 (0.0023 min/mm2) 3.61 min/in2 (0.0056 min/mm2) 𝑎  1.87 min/in2 (0.0029 min/mm2) 3.68 min/in2 (0.0057 min/mm2) 𝑎  0 -2.39 min/in2 (-0.0037 min/mm2) 𝑎  263.1 min/in (10.36 min/mm) 444.5 min/in (17.5 min/mm) 𝑎  1.16 min/in2 (0.0018 min/mm2) 2.06 min/in2 (0.0032 min/mm2) 𝑎  0 -3.42 min/in2 (-0.0053 min/mm2) 𝑎  0 91.44 min/in (3.6 min/mm) 𝑎  -0.65 min/in2 (-0.001 min/mm2) -0.97 min/in2 (-0.0015 min/mm2) 𝑎  0 42.42 min/in (1.67 min/mm) 𝑎  0 -66.04 min/in (-2.6 min/mm) 

 1199 
User Note: If moisture content values are not available, m = 4% and 5% 1200 
can be used for normal-weight concrete and lightweight concrete, respec-1201 
tively, consistent with Annex D of Eurocode 4. Dry conditions (m = 0%) 1202 
will yield the most conservative fire resistance rating. 1203 

 1204 
2.6 Composite Plate Shear Walls 1205 
 1206 
For unprotected composite plate shear walls meeting the requirements of 1207 
Chapter I and Section 4.3.2.6, the fire resistance rating is permitted to be 1208 
determined in accordance with Equation A-4-34. 1209 
 1210 𝑅 = −18.5 . ⁄ + 15 . − 1            (A-4-34) 1211 

𝑅 = −18.5 . ⁄ + 15 . − 1            (A-4-34M) 1212 
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 1213 
 1214 

where R is the fire rating in hours, Pu is the applied axial load in kips (kN), 1215 
and L, tsc, and Pn are as defined in Chapter I. 1216 
 1217 
The use of Equation A-4-34 shall be limited to walls satisfying all the 1218 
following conditions: 1219 
1. Wall slenderness ratio (L/tsc) is less than or equal to 20 1220 
2. Axial load ratio (Pu/Pn) is less than or equal to 0.2 1221 
3. Wall thickness, tsc, is between 8 in. and 24 in. (200 mm and 600 mm) 1222 
 1223 

3.   Restrained Construction 1224 
 1225 

For floor and roof assemblies and individual beams in buildings, a 1226 
restrained condition exists when the surrounding or supporting structure is 1227 
capable of resisting forces and accommodating deformations caused by 1228 
thermal expansion throughout the range of anticipated elevated tempera-1229 
tures. Cast-in-place or prefabricated concrete floor or roof construction 1230 
secured to steel framing members, and individual steel beams and girders 1231 
that are welded or bolted to integral framing members shall be considered 1232 
restrained construction. 1233 
 1234 

4.   Unrestrained Construction 1235 
 1236 

Steel beams, girders and frames that do not support a concrete slab shall be 1237 
considered unrestrained unless the members are bolted or welded to 1238 
surrounding construction that has been specifically designed and detailed 1239 
to resist effects of elevated temperatures. 1240 

 1241 
A steel member bearing on a wall in a single span or at the end span of 1242 
multiple spans shall be considered unrestrained unless the wall has been 1243 
designed and detailed to resist effects of thermal expansion. 1244 

 1245 


