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Parametric Demonstration of Load-Dependent 
Critical Temperatures for Flexural Fire Resistance of 
Composite W-Shape Floor Beams
MICHAEL M. DRURY and SPENCER E. QUIEL

ABSTRACT

Parametric numerical modeling was performed for three composite floor beam configurations (with different W-shape sections and one-
way span lengths supported by shear connections) under exposure to one standard fire and three natural fire temperature-time histories. 
The parametric matrix included three levels of passive fire protection, four combinations of axial and rotational restraint at the beam ends, 
and three levels of applied flexural loading. A previously validated lumped mass heat transfer modeling approach was used to calculate 
steel temperatures for each flange and the web, and a one-dimensional finite element (FE) heat transfer modeling approach was used to 
calculate the temperature gradient through the structural thickness of the floor slab. A previously validated fiber-beam FE structural model-
ing approach was then used to model the flexural response of the one-way composite beam under fire. The results of parametric analysis 
showed that the loss of flexural resistance under any fire exposure can be conservatively predicted using a critical bottom flange tempera-
ture based on AISC 360-22, Table A-4.2.4, which is expressed as a function of the applied flexural utilization ratio, M/Mn. The bottom flange 
temperature at which flexural failure would occur was relatively consistent regardless of variations in beam end restraint as well as the level 
of applied fire protection. For composite beams that survived natural fire exposure through burnout, the bottom flange temperature always 
remained below the load-dependent critical value. In those cases, variations in beam end restraint significantly impacted the magnitude of 
residual tensile reaction forces that develop at the ends of the beam during cooling.

Keywords:  composite W-shape floor beam, standard fire resistance, natural fire resilience, critical bottom flange temperature, passive 
fire protection, spray-applied fire resistive material (SFRM).

INTRODUCTION

F loor systems in steel-framed buildings commonly con-
sist of W-shape filler beams that support a reinforced 

concrete slab, which is placed on light-gage corrugated 
metal decking (see Figure 1). The beam and slab are often 
constructed to be composite via the placement of shear 
studs at their interface, thereby enhancing their combined 
flexural stiffness and moment capacity (Vinnakota et al., 
1988). The amount of passive fire protection applied to 
these beams must satisfy the hourly rating requirements 
of the International Building Code (IBC), Table 601 (ICC, 
2023). To achieve these ratings in current practice, the 
W-shape beam is often contour-coated with spray-applied, 
fire-resistive material (SFRM), a lightweight cementitious 
product with low thermal diffusivity (UL, 2022a).

Hourly ratings represent the time at which a floor beam 
would be expected to “fail” (by reaching a specified ther-
mal or structural response limit) when subjected to a stan-
dard fire exposure (see Figure 2). The initial 2 hr period of 
a standard fire curve such as ASTM E119 (ASTM, 2024) is 
intended to generally represent the ramp-up of temperature 
in a post-flashover building compartment. The fire temper-
ature then increases gradually and indefinitely with no sub-
sequent decay phase nor any consideration of the impact 
of active fire protection, such as sprinklers. This indefinite 
continuation of high temperature exposure ensures that the 
assembly will ultimately reach a targeted response limit 
when subjected to a standard fire test.

For composite floor beams, hourly ratings provide a stan-
dardized metric for flexural fire resistance that enables the 
selection and comparison of section configurations and 
passive fire protection materials based on testing. However, 
an hourly rating does not explicitly quantify the resilience 
of an assembly when exposed to a realistic or “natural” fire 
in a building. The temperature-time history for a natural 
fire exposure is characterized by a rapid initial increase to a 
fully developed state, followed by eventual “burnout” (i.e., 
a transition to a decay or cooling phase, as shown in Fig-
ure 2). The shape and duration of a natural fire curve depend 
on the characteristics of the building compartment, includ-
ing geometry, fuel load, ventilation, and lining materials. 
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Performance-based structural fire design (PBSFD) evalu-
ates structural response to natural fire, both at the peak 
response during the fire and (if failure does not occur) in its 
residual state following burnout and cooling (ASCE, 2020). 
PBSFD can be implemented per IBC Section 703.2.3 as an 
alternative method of design under approval of the building 
official or other authority having jurisdiction (AHJ) (ICC, 
2023). Guidance for conducting PBSFD of steel building 

construction is available in design standards such as ASCE 
7-22, Appendix E (ASCE, 2022) and AISC 360-22, Appen-
dix 4 (2022), as well as other references such as the ASCE 
Manual of Practice 138 (LaMalva, 2018).

When exposed to fire, flexurally loaded composite beams 
will thermally weaken and develop additional stress due to 
axial and rotational restraint of thermal expansion. If the 
steel beam reaches a “critical” temperature, then the floor 

Fig. 1.  Representative composite filler floor beam configuration. Side elevation  
is shown with bolt holes and top flange coping to accommodate a shear connection.
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Fig. 2.  Representative temperature-time histories of fire exposure: standard fire curve  
per ASTM E119 (2024) and three natural fire curves from an ASCE exemplar study (2020).
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system will experience a significant increase in deflection 
and be at risk of collapse due to the loss of flexural resis-
tance. As would be expected, these critical temperatures 
are dependent on the level of applied loading, which can be 
expressed as a ratio of applied moment divided by the initial 
ambient moment capacity of the composite floor beam cross 
section. When the floor beam is heated by a fire below, the 
top flange temperature (Ts,TF) remains cooler than that of 
the web and bottom flange (Ts,web and Ts,BF) because the 
upper surface of the top flange is in contact with the sup-
ported floor slab and is thus shielded from direct heat-
ing. The values of Ts,web and Ts,BF are often similar (AISC, 
2022; CEN, 2008a), but the response of the bottom flange 
is more critical to the flexural fire resistance of the com-
posite section (Drury, 2022; Selden, 2014). AISC 360-22, 
Table A-4.2.4 (2022) provides a moment capacity retention 
factor (kcb = Mn,T/Mn) for composite beams as a function of 
Ts,BF. Those values (reproduced in Table 1) can be reframed 
as a function of critical bottom flange temperature, Tcr,BF, 
for varying levels of initially applied flexural utilization at 
ambient conditions, M/Mn (Drury and Quiel, 2025).

In this paper, parametric numerical analyses are used 
to demonstrate the robustness of the relationship between 
Tcr,BF and M/Mn in Table  1 for one-way composite floor 
beams with realistic combinations of span length, beam 
section size, end restraint conditions, and applied SFRM 
thickness when subjected to either standard or natural fire 
exposure. By establishing Tcr,BF as a consistent indicator 
of flexural failure under any fire, the hourly rating under 
standard fire exposure can be determined for a given com-
posite beam and SFRM thickness by calculating the time 
history of Ts,BF via the lumped mass methods presented 
in Drury and Quiel (2025). In the context of PBSFD, the 

relationship between Tcr,BF and M/Mn in Table 1 can also 
serve as a threshold below which a composite beam assem-
bly would be expected to survive natural fire exposure 
through burnout without experiencing flexural runaway. 
Using load-dependent Tcr,BF, a designer can thereby corre-
late an hourly rating for a given composite floor beam con-
figuration to its survivability under a range of natural fire 
hazards and applied loading.

REVIEW OF PREVIOUS TESTING

Previous work by Drury and Quiel (2025) showed that 
reframing the relationship in Table 1 as a load-dependent 
Tcr,BF can provide a conservatively accurate prediction of 
the loss of flexural resistance observed in numerous stan-
dard and quasi-standard fire tests (Alfawakhiri et al., 2016; 
Bletzacker, 1967; Choe et al., 2019, 2020; Drury and Quiel, 
2025; Jiang et al., 2017; Kordosky et al., 2020; Wang et al., 
2017a; Zhao and Kruppa, 1997) for a wide range of W-shape 
steel floor beam configurations:

•	 One-way spans varying from 3.35–12.2 m (11–40 ft).

•	 Varying section sizes with composite and noncomposite 
slabs.

•	 End conditions that are restrained, unrestrained, or 
partially restrained.

•	 Connections that range from idealized bearing supports 
to realistic shear connections.

•	 Applied loading that induces an initial value of M/Mn 
ranging from 25–80%.

•	 Varying levels of contour coated with spray-applied fire 
resistive material (SFRM), a lightweight cementitious 

Table 1. Temperature-Dependent Moment Capacity  
Retention Factors for Composite Floor Beams  
(Reproduced from AISC 360-22, Table A-4.2.4)

Moment Capacity Retention
kcb == Mn,T//Mn

Bottom Flange Temperature
Ts,BF, °F (°C)

1.00 68 (20)

0.98 300 (150)

0.95 600 (320)

0.89 800 (430)

0.71 1000 (540)

0.49 1200 (650)

0.26 1400 (760)

0.12 1600 (870)

0.02 1800 (980)

0.00 2000 (1100)
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product with low thermal diffusivity that is commonly 
used as passive fire protection for W-shape floor beams 
in current practice).

For illustration, the setups for quasi-standard fire tests 
per Kordosky et al. (2020) and Choe et al. (2019) are sum-
marized in Table 2. The temperature-time histories applied 
to each specimen from those programs are plotted in Fig-
ure  3. The tests on these W12×26 and W18×35 compos-
ite beams are referred to a quasi-standard because their 
temperature-time histories met or slightly exceeded that of 
the ASTM E119 standard, and the curves plotted in Figure 3 
for these specimens are terminated when they experienced 
a rapid increase in deflection (i.e., when they approached 

flexural runaway) and the applied loading was removed. 
Plots of midspan deflection versus Ts,BF in Figure 4 show 
that the values of Tcr,BF for each corresponding M/Mn per 
Table 1 provide a very good indication of the onset of flex-
ural runaway, regardless of the composite cross-section 
characteristics, span length, the presence of passive fire 
protection, and the restraint of the beam ends.

Setups for natural fire tests per Drury et al. (2021) and 
Drury and Quiel (2023a) are also summarized in Table 2. 
These tests on W8×10 and W8×28 composite beams were 
conducted such that the specimens were subjected to the cor-
responding natural temperature-time histories in Figure 3 
and did not experience flexural runaway. Both beams devel-
oped significant midspan deflection and restraint reactions 
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Fig. 4.  Midspan deflection versus Ts,BF from quasi-standard fire tests listed in Table 2 (conversion note: 25 mm = 0.984 in.).
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Fig. 3.  Temperature-time histories of fire exposures for the tests listed in Table 2.
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as the steel temperature increased during the heating phase. 
However, Figure  5 shows that the peak value of Ts,BF for 
each specimen stopped short of their corresponding value 
of Tcr,BF per Table 1, after which they began to cool dur-
ing the fire’s decay phase and developed significant residual 
midspan deflection. These test results indicate that Tcr,BF 
as a function of M/Mn per Table 1 can represent a thresh-
old below which a one-way composite beam would be able 
to maintain its flexural resistance through burnout. The 
bolted shear tab connections for both specimens exhibited 
some minor warping damage during post-test inspections 
but maintained their overall structural integrity (Drury et 
al., 2021; Drury and Quiel, 2023a). The slabs exhibited 
some minor post-test cracking but otherwise appeared to be 
structurally sound and continued to contribute to the resid-
ual flexural stiffness of the cooled specimen.

PARAMETRIC MODELING APPROACH

To demonstrate that the relationship for Tcr,BF as a func-
tion of M/Mn per Table 1 is widely applicable, a modeling 
approach using fiber-beam elements is used to parametri-
cally analyze the response of three generic composite floor 
beam assemblies to the fire curves plotted previously in 
Figure  2. Previous research has shown good agreement 
between experimental results and this thermo-structural 
modeling approach for standard [see Chapter 6 of the dis-
sertation by Drury (2022)], quasi-standard (Drury et al., 
2020; Drury and Quiel, 2023b), and natural (Drury et al., 
2021; Drury and Quiel, 2023b) fire tests of restrained, 
unrestrained, and partially restrained one-way composite 
W-shape steel floor beam assemblies. Numerical analysis is 
conducted via two uncoupled steps: (1) thermal analysis of 
the fire-exposed structural element cross sections to obtain 

their temperature increase over the duration of fire expo-
sure (with the fire’s temperature-time history used as direct 
input) and (2)  structural analysis of the heated structural 
assembly (in which the thermal analysis results are used as 
direct input).

Section and Span Properties

Table  3 summarizes three one-way composite W-shape 
floor beam configurations that are representative of North 
American construction practice for steel-frame office build-
ings (ASCE, 2020; Choe et al., 2019; Sadek et al., 2008). 
Specifically, the three composite sections were chosen to 
represent a range of realistic span lengths: 7.3  m (24  ft) 
for the W14×22, 9.1 m (30 ft) for the W16×26, and 12.2 m 
(40 ft) for the W18×35. All composite beams [ASTM A992 
(2022a) steel with 345 MPa (50 ksi) yield strength] support 
a 82.6 mm (3.25 in.) lightweight concrete (LWC) slab [with 
density of 1762 kg/m3 (110 pcf)] on 76.2 mm (3 in.) corru-
gated deck (oriented perpendicular to the beam’s one-way 
span) with a compressive strength of 20.7 MPa (3000 psi). 
The 82.6  mm minimum thickness of LWC generally 
meets a 2  hr fire resistance rating for thermal transmis-
sion thru the slab per ASTM E119 (2024). The slab is rein-
forced at the mid-depth of its 82.6 mm structural thickness 
with W1.4×W1.4, 6×6 WWR with 450 MPa (65 ksi) yield 
strength per ASTM 1064 (2022b). The effective width of 
the composite slab for its section analysis is taken as 2(L/8) 
per AISC 360-22, Section I3.1a. The beam-slab interface 
has a single longitudinal line of 19  mm (0.75  in.) shear 
studs spaced at 304.8 mm (1 ft) above the beam centerline 
along the entire length of the top flange. This configura-
tion develops 67% composite action based on the relative 
contributions of the beam, slab, and shear studs to flex-
ural resistance (Vinnakota et al., 1988). It should be noted 
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that enhancements to the slab (in particular, an increase in 
reinforcement quantity or continuity) can enable a modest 
increase in fire resistance (ASCE, 2020; Gernay and Kho-
rasani, 2020; Khorasani et al., 2019; McAllister, 2014); how-
ever, those parameters are outside the scope of this study.

When the underside of the assembly is exposed to fire, 
the temperature of the steel beam will increase faster than 
that of the slab, even if the beam is coated with SFRM 
(Drury et al., 2023a; Kordosky et al., 2020). The tempera-
ture of the shear studs will also increase due to conduction 
from the beam’s top flange into the concrete slab; however, 
testing has shown that the stud temperature is only 75–80% 
of the top flange temperature (CEN, 2008a; Huang et al., 
1999). Also, previous studies have also shown that the pres-
ence of slab edge continuity (representative of an actual 
building system) (Huang et al., 1999) as well as the use of 
profiled slabs on metal decking (such as that used in this 
study, rather than a flat slab) (Lim et al., 2020; Mirza and 
Uy, 2009) will enhance the robustness of the shear studs 
when the assembly is under fire.

The tensile strength of the steel beam is therefore reduced 
faster than the compressive strength of the slab or the shear 

strength of the studs. In recognition of this phenomenon, 
previous research has shown that composite floor assem-
blies with ambient composite percentages as low as 24% 
can rapidly transition to emulating fully composite behav-
ior under fire, even before the fire develops its full intensity 
(Drury et al., 2020, 2021; Drury and Quiel, 2023a, 2023b; 
Jiang et al., 2014; Kodur et al., 2013; Kordosky et al., 2020; 
Wang et al., 2017a, 2017b; Wellman et al., 2011). Analyz-
ing the beam-to-slab interface as fully composite for the 
purposes of capturing fire-exposed flexural response of 
the composite member is therefore justified and has been 
used for parametric numerical analysis on similar compos-
ite beam floor systems under fire (Gernay and Khorasani, 
2020; Khorasani et al., 2019; Selden and Varma, 2016b, 
2016c).

In this study, the composite beam assembly is mod-
eled in SAFIR 2019.a6 (Franssen and Gernay, 2017, 2019) 
as shown in Figure  6, with separate fiber-beam elements 
used to represent the steel beam and the structural thick-
ness of the concrete floor slab. Those fiber-beam elements 
are discretized 304.8 mm (1 ft) lengths based on previously 
published convergence studies (Drury and Quiel, 2023b; 

Table 2.  Summary of Highlighted Fire Tests from 2019 to 2023 on One-Way Composite Steel Beam Assemblies

Reference
Span 

Length Specimen Description
Beam End 
Conditions

Slab End 
Conditions Protection

Fire 
Exposure M//Mn

Kordosky 
et al. 

(2020)
(2 tests)

10.9 ft

Beam: W12×26
Slab: 3.25 in. thick on 2 in. 

profiled deck, 4 ft-8 in. width
Composite action: 24%

Partial axial 
restraint 

with 
shear tab 

connection

Unrestrained

Unprotected beam 
(1 test); 2 hr rated 

SFRM on the beam 
(1 test); ceramic 

fiber blankets for all 
connections

ASTM 
E119

31.5%

Choe et al. 
(2019)

(3 tests)
40.0 ft

Beam: W18×35
Slab: 3.25 in. thick on 3 in. 

profiled deck, 6 ft width
Composite action: 82%

Axial 
restraint 

with shear 
tab (SP: 
2 tests) 

or double 
angle (DA: 

1 test) 
connection

Unrestrained 
(1 test); 

axial and 
rotational 

restraint to 
simulate 

slab 
continuity 

(SC: 2 tests)

2 hr rated SFRM 
on the beam; 3 hr 

rated SFRM on the 
connections

Parametric 
fire that 

emulated 
and 

exceeded 
ASTM 
E119

45%

Drury et al. 
(2021)
(1 test)

11.0 ft

Beam: W8×10
Slab: 2 in. thick on 1.5 in. 

profiled deck, 4 ft-8 in. width
Composite action: 52%

Partial axial 
restraint 

with 
shear tab 

connection

Unrestrained

Unprotected beam; 
ceramic fiber 

blankets for all 
connections

Natural fire 
with steep 

decay 
phase after 

furnace 
shutdown

25%

Drury 
and Quiel 
(2023a)
(1 test)

10.4 ft

Beam: W8×28
Slab: 2.5 in. thick on 2 in. 

profiled deck, 4 ft-8 in. width
Composite action: 97%

Partial axial 
restraint 

with 
shear tab 

connection

Rotational 
restraint

2 hr rated SFRM on 
the beam; ceramic 
fiber blankets for all 

connections

Natural 
fire with 

controlled 
decay 
phase

58.5%
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Quiel and Garlock, 2010). The nodeline for each fiber-beam 
cross-section runs through its geometric centroid (see Fig-
ure 7). A rigid connector link element is used to develop full 
composite action between the beam and slab at each of their 
respective nodes.

The one-way span length L is analyzed as uniformly 
heated, which is commonly assumed for elements in a 
building compartment with post-flashover fire conditions 
(which are fully developed and well mixed, thus applying 
a single temperature-time history of heat exposure to all 
elements in the compartment). The temperature increases 
of the W-shape beam section and the composite slab when 
exposed to fire are calculated separately via uncoupled 
thermal analyses. The results of those analyses (which are 
described in the following subsections) are then mapped to 
the fibers in the cross sections shown in Figure 7.

Based on a previously published convergence study 
(Drury, 2022), each flange can be represented with a sin-
gle fiber, and the web can be modeled with 30 equally 
spaced fibers over its height in order to capture the flex-
urally induced gradient of strain over the depth of the 
beam. Temperature-dependent structural properties for the 
hot-rolled steel beam are taken from Eurocode 3, Part 1-2 
(CEN, 2005). The material model assigned to the bottom 
flange fiber permits the compression-induced onset of 
local buckling as a reduction of effective yield strength, 
which represents the reduction of the bottom flange effec-
tive width as per the provisions in Eurocode for buckling of 
unstiffened plates (Franssen et al., 2014). All of the afore-
mentioned long-span fire tests conducted at the National 
Institute of Standards and Technology (NIST) (Choe et 
al., 2020) developed local buckling in the bottom flange 
at the partially restrained ends of the beam but remained 
stable with reduced end stiffness. Capturing bottom flange 
local buckling effects is essential for modeling restrained 
composite beams under fire, particularly for realistic span 
lengths. Temperature-dependent thermal properties for the 
steel are also taken from Eurocode 3, Part 1-2 (CEN, 2005) 
and are conservatively assumed to be reversible during 
cooling, based on the experimental validation conducted by 
Drury and Quiel (2023b) for composite floor beams under 
natural fire exposure.

The LWC slab was modeled with six concrete fibers 
over its structural thickness, with the WWR represented 
as a very thin layer at mid-thickness with equivalent area 
per unit width. Temperature-dependent structural prop-
erties for the slab were taken for calcareous concrete per 
Eurocode 2, Part  1-2 (CEN, 2008b) and include the con-
sideration of explicit transient creep (Gernay and Frans-
sen, 2012). Temperature-dependent structural properties 
for the WWR were taken for cold-drawn wire per Euro-
code 2, Part 1-2 (CEN, 2008b) as well. The slab is assumed 
to have an in-situ moisture content of 3% and is modeled 

as having nonreversible thermal properties per Drury and 
Quiel (2023b), which closely resemble those for LWC in 
Part 1-2 of Eurocodes 2 and 4 (CEN, 2008a, 2008b).

Flexural Loads

The resulting nominal moment capacity, Mn, for each com-
posite section in accordance with AISC 360-22, Section I3 
is summarized in Table 3. Each floor beam is designed as 
simply supported in one-way bending to support a uni-
formly distributed line load w, which is assumed to remain 
constant throughout exposure to fire. For this study, each 
beam is analyzed for values of w that induce a maximum 
bending moment at midspan equal to three different per-
centages of 8Mn/L2 as shown in Table 4. These percentages 
are based on ϕMn design targets of 30%, 45%, and 60%, 
with ϕ = 0.90 per AISC 360-22, Section I3.2a.

In the model, self-weight is applied to each element as 
a uniformly distributed line load, and superimposed floor 
loading is applied as a uniformly distributed line load to 
the slab elements. To induce the initial flexural utilizations 
listed in Table 4, the value of w in Figure 6 represents the 
total contributions of self-weight and superimposed floor 
loads.

End Conditions

These parametric analyses focus on composite W-shape 
floor beams that are supported with bolted shear con-
nections; girders with moment connections are therefore 
considered to be outside the scope of this study. These ele-
ments are conventionally designed as simply supported 
under ambient conditions; however, the ends of a heated 
composite W-shape floor beams in an actual building fire 
will experience partial (yet significant) restraint against 
thermally induced expansion and rotation (Moss et al., 
2004). That restraint can be provided by the presence of 
slab continuity beyond the ends of the beam, the beam’s 
connections to surrounding structural elements, as well as 
the relative stiffness of those supporting elements (Marti-
nez and Jeffers, 2021; McAllister, 2014). Previous research 
has shown that even a shear connection will realistically 
exhibit at least some degree of rotational stiffness for floor 
beams at both ambient conditions (Kishi et al., 1997; Liu 
and Astaneh-Asl, 2004) and under fire exposure (Choe et 
al., 2019, 2020; Drury et al., 2021; Drury and Quiel, 2023a; 
Fischer et al., 2021; Fischer and Varma, 2017; Hantouche 
et al., 2020; Kordosky et al., 2020). Also, a modest incre-
ment of rotational stiffness at the beam ends can have a 
non-negligible impact on the anticipated structural behav-
ior of the composite beam assembly under fire (Drury and 
Quiel, 2023b).

For this study, Figure 6 shows that nodal restraint at each 
end of the beam is approximated via an axial spring with 
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stiffness Ka and a rotational spring with stiffness Kr. As 
shown in Table 4, two levels of stiffness are considered for 
each spring as parameters in this study. The axial restraint 
low level (aL) is taken equal to 0.1EAb/L for each beam per 
Dwaikat and Kodur (2011) as a lower-bound estimation of 
the stiffness provided by the surrounding structure against 
thermal expansion (where E is the elastic modulus of steel, 
Ab is the cross-sectional area of the beam, and L is the span 
length). The axial restraint high level (aH) is taken as a con-
stant value of 190 kN/mm (1085 kip/ in.), which was used 
by the aforementioned study on fire-exposed one-way com-
posite beams at NIST (Choe et al., 2019, 2020; Ramesh et 
al., 2019) to represent a typical lateral restraining stiffness 
in a steel framed building. To represent a realistic upper 
bound of stiffness for a shear connection, the rotational 
stiffness high level (rH) for Kr is taken as 2EIb/L, which is 
the limiting value per AISC 360-22, Section C-B3.4, below 
which a connection can be considered simple (where Ib is 
taken as the steel beam’s moment of inertia). The rotational 
stiffness low level (rL) is arbitrarily taken as 1/20th of that 
limiting value at 0.1EIb/L.

It should be noted that these stiffnesses are kept con-
stant throughout each simulation, even though the connec-
tions and slab end conditions would realistically experience 
temperature-induced weakening and potential permanent 
deformation by restraining the beam’s expansion and rota-
tion (Block et al., 2013; Burgess et al., 2012; Garlock and 
Selamet, 2010; Hantouche et al., 2020). However, previous 
research has demonstrated that applying constant beam-end 
stiffness (similar to the models for this study) can enable 

close numerical predictions of flexural tests results for par-
tially restrained one-way composite W-shape steel floor 
beam assemblies under quasi-standard (Drury et al., 2020; 
Drury and Quiel, 2023b), and natural (Drury et al., 2021; 
Drury and Quiel, 2023b) fire exposure. An explicit evalu-
ation of the connections is beyond the scope of this study; 
however, the impact of natural fire exposure on connection 
reactions will be addressed later in this paper.

As shown in Figure 6, two additional slab elements are 
included beyond each end of the beam as an approximate 
representation of slab continuity. For simplification, the 
horizontal translation at the end node of this slab exten-
sion is constrained to that at the end of the beam (which is 
attached to the axial spring with stiffness, Ka). The verti-
cal translation and rotation of the two slab nodes beyond 
the end of the beam are restrained, thus implying that the 
slab extension is compositely attached to the framing that 
supports the beam. When the assembly experiences a sig-
nificant increase in fire-induced deflection, the slab exten-
sion elements will undergo tensile cracking via its strain 
compatibility with the rotating end of the composite beam. 
At this point, the WWR layer in the slab extension will 
become realistically engaged in a tensile hogging response.

Passive Fire Protection

Each floor beam is analyzed for three levels of passive 
fire protection (see Table  4): unprotected (i.e., bare steel) 
and two thicknesses of contour coated lightweight SFRM 
[with a density of 240 kg/m3 (15 pcf), emulating the com-
monly used commercial product CAFCO 300 (Isolatek 

Fig. 6.  Elevation schematic of the FE model used for parametric study  
of the one-way composite floor beam configurations in Tables 3 and 4.
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Fig. 7.  Details of section A-A from Figure 6. 

Table 3.  Summary of Generic Composite Floor Beam Configurations for Parametric Analysis

Reference
Span Length 

(ft)
Beam 

Section
Slab  

Section

Composite 
Section Mn  

(kip-ft)

P1 SFRM 
Thickness  

(in.)

P2 SFRM 
Thickness  

(in.)

Sadek et al. (2008) 24 W14×22
3.25 in. LWC 
on 3 in. deck

277 v d

ASCE (2020) 30 W16×26 361 v d

Choe et al. (2019) 40 W18×35 535 a m

Table 4.  Matrix of Modeling Parameters

Beam Section
Passive Fire 

Protection Level
Flexural Utilization 

(M//Mn)
Beam End Axial 

Stiffness (Ka)
Beam End Rotational 

Stiffness (Kr)

W14×22
W16×26
W18×35

Unprotected (U)
1 hr protected (P1)
2 hr protected (P2)

27.0%
41.5%
54.0%

aL: 0.1EAb/L
aH: 1085 k/ in.

rL: 0.1EIb/L
rH: 2EIb/L

conversion equations and rounded up to the nearest 1.58 mm 
(z  in.) increment, in accordance with typical practice. 
Note that the 1 hr unrestrained beam rating per UL D902 
can also be used to represent a 2 hr restrained/unrestrained 
assembly rating per UL D982 (UL, 2022c), based on com-
parative fire testing completed in 2013 by AISC and AISI 
(Alfawakhiri et al., 2016; Carter and Alfawakhiri, 2013).

Temperature-dependent thermal properties for the 
SFRM are taken as the mean value of the stochastic func-
tions proposed by Khorasani et al. (2015) (specifically, 
Equations 22 to 24 and Figure 9 from that paper). Those 
equations align well with the results of experimental test-
ing for CAFCO 300 [see Chapter 7 of the dissertation by 
Drury (2022)] and other commercially available SFRMs 
of similar “lightweight” density (Carino et al., 2005; Har-
mathy, 1965; Jeanes, 1984; Kodur and Shakya, 2013). The 
temperature-dependent thermal properties for the SFRM 
are also conservatively assumed to be reversible during 
cooling, based on the experimental validation conducted by 

International, 2020)]. Composite floor members in Type I 
building construction are required to meet a 2 hr fire resis-
tance rating per IBC Table 601 (ICC, 2023). This require-
ment is commonly met by selecting a 2-hr-rated SFRM 
thickness from UL Designs in the D900, N700, and N800 
series (UL, 2022a), which are determined via ASTM E119 
standard fire testing results for a particular composite sec-
tion configuration. The published thickness for the tested 
beam in the selected UL design would then be adapted to 
the actual beam using the conversion equations in AISC 
360-22, Section A-4.3.2c, which are a function of the rel-
ative section factors (i.e., the ratio of cross-sectional area 
divided by fire-exposed perimeter) between the two beams.

In this study, two thicknesses of lightweight SFRM are 
selected per UL D902 (UL, 2022b): P1 corresponds to a 
1 hr unrestrained beam rating, and P2 corresponds to a 2 hr 
assembly rating (restrained and unrestrained). The result-
ing fire protection thicknesses, summarized in Table 3, are 
tailored to each W-shape section via the aforementioned 
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Drury and Quiel (2023b) for composite floor beams under 
natural fire exposure.

Fire Exposures

Standard fire temperature-time histories, such as those 
specified in ASTM E119 (2024) (see Figure  2), UL 263 
(2020), or ISO 834 (2019), undergo a rapid rise past 800°C 
(1472°F) in the first 30  min, followed by a more gradual 
increase to ∼1100°C (∼2012°F) after 2  hr. The fire tem-
perature then increases indefinitely with no subsequent 
decay phase until the assembly reaches a specified thermal 
or structural limit. Again, the application of standard fire 
curves constitutes the basis for hourly ratings per SFRD.

ASCE recently commissioned a series of PBSFD exam-
ples for generic steel framed buildings that were performed 
by several leading structural design firms in partner-
ship with academic experts in structural fire engineering 
(ASCE, 2020). The temperature-time histories of the three 
natural fire curves in Figure 2 are reproduced from Chap-
ter 7 of that report for a 1,277 m2 (13,746 ft2) compartment 
floor area with either high or low ventilation. The baseline 
fuel load of 374 MJ/m2 (32.9 kBtu/ft2) represents the 80% 
fractile fuel load per Eurocode 1, Part  1-2 (CEN, 2009), 
including a risk reduction factor for automatic sprinklers. 
An elevated fuel load of 912 MJ/m2 (80.3 kBtu/ft2) neglects 
the risk reduction factor for sprinklers and represents the 
98% fractile fuel load (Khorasani et al., 2014). As shown in 
Figure 2, the curves FH374 (natural fire with high ventila-
tion and 374 MJ/m2 fuel load), FL374, and FH912 represent 
a range of intensities that exceed that of the ASTM E119 
standard fire curve within the first ∼20 min of the fire but 
then burn out with varying decay rates due to their differ-
ences in ventilation.

Parametric Model Configurations

The parametric matrix in Table 4 produces 108 total model 
configurations, which are named according to their param-
eters. For example, model name W14-U-27-rHaL denotes 
a W14×22 beam section with no SFRM (unprotected), ini-
tially loaded to 27% flexural utilization (M/Mn), with high 
rotational stiffness and low axial stiffness at the ends of the 
beam. Each model configuration is then subjected to each 
of the four temperature-time histories for fire exposure in 
Figure 2: the ASTM E119 standard fire, and natural fires 
FH374, FL374, and FH912.

THERMAL ANALYSIS:  
STEEL BEAM CROSS SECTION

The flanges and web are each represented as a lumped mass 
that absorbs heat from the fire and conducts heat between 
adjacent plates and to the composite slab. An experi-
mentally validated three lumped mass (3LM) analysis, 

presented in Section 4.1 of the paper by Drury et al. (2020), 
is used to calculate the temperatures in each steel plate over 
the duration of fire exposure; for brevity, those equations 
are not recounted here. All surfaces of the bottom flange 
and web are assumed to be uniformly exposed to the fire’s 
temperature-time history. The bottom and side surfaces of 
the top flange are also uniformly exposed to fire; its top 
surface, however, is in partial contact with the floor slab. 
Due to the corrugated deck, it is assumed that half of the top 
surface of the top flange is in contact with the slab. Conduc-
tive heat transfer from the top flange to the slab through that 
contact area is calculated using the closed-form relation-
ship proposed by Ghojel and Wong (2005). For unprotected 
beams, the half of the top surface of the top flange that is 
not in contact with the slab is conservatively included in its 
fire-exposed perimeter (Drury et al., 2020, 2021). For pro-
tected beams, the gap between the top flange and the deck 
flutes is assumed to be filled with SFRM, which is com-
mon practice for this type of floor system (Drury and Quiel, 
2023a; Kordosky et al., 2020). The half of the top surface of 
the top flange that is not in contact with the slab is consid-
ered to be heavily insulated by the SFRM infill and is there-
fore neglected when calculating the fire-exposed perimeter.

The fire-exposed perimeter of the SFRM for the pro-
tected beams is assumed to have the same temperature 
as the fire at any given time step, and heat transfer to the 
steel is calculated via conduction across the SFRM thick-
ness. This assumption is common practice for fire-exposed 
surfaces of SFRM-protected steel sections (AISC, 2022; 
CEN, 2005). Heat transfer to the fire-exposed surfaces of 
unprotected beams is calculated using the following ther-
mal boundary conditions:

•	 The convective heat transfer coefficient is taken as 25 W/
m2-K (4.4 Btu/hr-ft2-°F) for surfaces heated by all fire 
exposures and 4 W/m2-K (0.7 Btu/hr-ft2-°F) for unheated 
surfaces or during cooling for natural fire exposure. It 
should be noted that Eurocode 3, Part 1-2 (CEN, 2005) 
recommends a convective coefficient of 35 W/m2-K 
(6.2 Btu/hr-ft2-°F) for surfaces heated by natural fire 
exposure; for this study, however, the same convective 
coefficient was used for all fire curves to maintain 
consistency in the thermal boundary conditions for direct 
comparison.

•	 Eurocode 3, Part  1-2 (CEN, 2005) recommends a 
resultant emissivity of 0.7 but with the potential inclusion 
of a shadow effect factor, which is dependent on the 
width of the bottom flange relative to the depth of the 
web. However, a reduced resultant emissivity of 0.5 is 
used as an implicit application of shadow effects for all 
sections based on previous experimental validations by 
Drury et al. (2020, 2021).
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Preliminary 3LM thermal calculations indicated that a time 
step of 30 s was acceptably small to achieve a convergent 
thermal solution (Drury et al., 2020, 2021; Gamble, 1989).

The resulting time histories of Ts,BF, Ts,TF, and Tweb from 
3LM heat transfer analysis of the beam sections in Table 3 
are plotted in Figure  8 for exposure to the ASTM E119 
standard fire as well as the FH374 natural fire. The curves 
for Ts,BF and Tweb track closely together in all cases regard-
less of the presence or amount of passive fire protection. 
Also, the three beam section sizes exhibit similar thermal 

responses on a plate-by-plate basis for each passive fire 
protection case. The temperatures in all three plates of the 
unprotected beams are not only very similar, but closely 
follow the fire curve during heating. As the SFRM thick-
ness is increased, the plates heat progressively slower, as 
would be expected. During the decay phase of the natural 
fire, the bottom flange and web cool at a faster rate than the 
top flange because they have a greater section factor (i.e., 
the ratio of exposed perimeter to cross-sectional steel area).
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Fig. 8.  Calculated temperature-time histories for the flange and web plates of  
the generic composite beam configurations under standard and natural fire exposure.
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The steel temperatures for each lumped mass are then 
mapped to the 32 fibers in the beam cross section shown 
previously in Figure  7 as thermal input for structural FE 
analysis in SAFIR. Ts,BF and Ts,TF are assigned to their 
respective single fibers, and Ts,web is assigned to the inner-
most 28 fibers in the web. The fibers at the top and bot-
tom of the web are each used as transition elements and 
are taken as the average of the lumped mass temperatures 
from the web and adjacent flange plate. Preliminary mod-
eling explored the application of a linear thermal gradi-
ent between mid-height of the web and the top flange [as 
suggested in AISC 360-22, Section A-4.2.4d(f)]; however, 
structural FE results were relatively unaffected, and the 
simpler approach outlined above was therefore used for all 
parametric analyses in this study.

THERMAL ANALYSIS:  
CONCRETE SLAB CROSS SECTION

Concrete has significantly less thermal diffusivity and 
thermal mass compared to steel, and the slab will there-
fore develop a thermal gradient through its thickness. For 
this reason, lumped mass methods are not appropriate for 
thermal analysis of the slab, which is instead examined via 
one-dimensional heat transfer analysis in SAFIR 2019.a6 
(Franssen and Gernay, 2017, 2019). To account for the non-
uniform thickness of the slab on the corrugated metal deck, 
two analyses are initially conducted for each fire expo-
sure: the 82.8  mm (3.25  in.) “thin” section of the slab is 
vertically divided into 6 equal fibers, and the 158.8  mm 
(6.25- in.) “thick” section is likewise divided into 11 equal 
fibers as shown in Figure  9. The structural thickness of 

(a)  82.6 mm (3.25 in.) thin slab

(b)  158.8 mm (6.25 in.) thick slab

Fig. 9.  Fiber temperature-time histories for the thin and thick models of the concrete slab.



ENGINEERING JOURNAL / SECOND QUARTER / 2026 / 121 

the slab is 82.8  mm (3.25  in.) thick and is taken as hav-
ing the same 6-fiber discretization as the “thin” section. 
The temperature-time history in each fiber of the struc-
tural thickness under each fire exposure is calculated as a 
weighted average per Drury and Quiel (2023b) among all 6 
fibers from the thin section and the upper 6 fibers from the 
thick section.

Convective heat transfer coefficients are taken as 25 W/
m2-K (4.4 Btu/hhr-ft2-°F) for heated surfaces and 4 W/m2-K 
(0.7 Btu/hr-ft2-°F) for surfaces that are either not exposed to 
fire (such as the top surface of the slab) or cooling during 
the decay phase of a natural fire (CEN, 2008b; Drury and 
Quiel, 2023b). The resultant emissivity of the bottom sur-
face of the slab is taken as 0.3 to account for shadow effect 
and reflectivity of the galvanized corrugated metal deck 
(Kodur et al., 2013). Note that the WWR at the mid-depth 
of the structural thickness is not explicitly included in the 
one-dimensional thermal models of the slab. Due to its low 
thermal mass and high conductivity relative to the LWC, 
the WWR would have a negligible impact on the thermal 
response of the LWC. Rather, the temperature of the WWR 
is simply taken as the average of neighboring fibers when 
using these thermal results as input for structural modeling.

The fiber temperature-time histories of the thick and 
thin slab sections are plotted in Figure  9 for exposure to 
the ASTM E119 standard fire. The resulting weighted aver-
age fiber temperatures for the slab’s structural thickness are 
then shown in Figure  10. Fiber temperatures under natu-
ral fire exposure show a similar gradient through the slab 
thickness and are therefore not plotted here for brevity. 
Based on previously published research (Drury et al., 2020; 
Gernay and Khorasani, 2020; Wang, 2012), the fully com-
posite assumption (and, in turn, the lack of consideration of 

stud temperatures) is justified since the temperature of the 
steel beam (in particular the bottom flange, which is criti-
cal in providing tensile resistance in flexure) will always 
outpace the temperature of not only the slab, but also the 
concrete-encased shear studs due to the inherent geome-
try of composite floor construction. Because full compos-
ite action is assumed in the structural model, the heating 
of shear studs is also not addressed. This simplification is 
further justified based on the experimental validation study 
previous conducted by Drury and Quiel (2023b) for similar 
composite beam specimens under standard and natural fire 
exposure.

FLEXURAL RESPONSE TO  
STANDARD FIRE EXPOSURE

The calculated midspan deflections for all composite beam 
configurations under ASTM E119 standard fire exposure 
are plotted in Figures  11, 12, and 13 (W14×22, W16×26, 
and W18×35, respectively) for all three levels of SFRM pro-
tection and for all levels of end restraint per Table 4. For 
brevity, each plot shows only the 27% and 54% flexural 
utilization levels because the results of these cases effec-
tively bracket the results of the 40.5% utilization cases. 
Also included on each plot are several horizontal lines that 
correspond to the following deflection limits, which have 
conventionally been used to describe the loss of flexural 
resistance in one-way beam spans under fire:

•	 A deflection limit equal to L/20 or L/30 has been used 
as a practical stopping point for numerous standard fire 
tests on one-way composite steel floor beams (Jiang et 
al., 2017; Wang et al., 2017a; Choe et al., 2020). This level 

Fig. 10.  Fiber temperature-time histories for the 82.6 mm (3.25 in.) structural thickness of the  
concrete slab, calculated as a weighted average of like fibers from the thick and thin section analyses.
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Fig. 11.  Midspan deflection for the one-way W14×22 composite beam configuration under ASTM E119  
standard fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.1 m = 3.94 in.).

of deflection is sufficiently large to imply the engagement 
of tensile membrane action in the beam (Martinez and 
Jeffers, 2021). The larger of these two limits, L/20, is 
marked on the plots of midspan deflection in Figures 11, 
12, and 13.

•	 A deflection limit equal to L2/(400d) (where d is the 
distance between extreme fibers in the flexural cross-
section) is used in combination with a limiting deflection 
rate for standard fire tests per ASTM E119 (ASTM, 
2024) to approximate the loss of flexural resistance for 
loaded unrestrained beams. This deflection limit has 
been used in previous studies to also evaluate restrained 

beams, with d taken as either the steel beam depth, dbeam, 
(Rackauskaite et al., 2019; Selden, 2014) or the total 
depth of the steel beam plus the composite slab thickness, 
dcomp (Alfawakhiri et al., 2016; Kordosky et al., 2020). 
The values of L2/(400dbeam) and L2/(400dcomp) are both 
marked on Figures 11–13 for comparison.

All models exhibit a similar trend of midspan deflection 
when exposed to the ASTM E119 standard fire, regardless 
of the level of fire protection or beam end restraint. As the 
beam initially heats up, the deflection gradually increases 
until the onset of nonlinear stress-strain behavior in the 
heated beam, at which point the deflection rate increases. 
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Fig. 12.  Midspan deflection for the one-way W16×26 composite beam configuration under ASTM E119  
standard fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.1 m = 3.94 in.).

Nonlinear behavior is generated by thermally induced 
losses of strength and stiffness as well as an increase in 
internal force due to the restraint of thermal expansion. 
As expected, higher flexural loading and lower rotational 
restraint on the beam ends (rL) enable an earlier increase in 
deflection rate. Once the deflection exceeds L/20, then the 
composite beam transitions from flexural response to a cat-
enary response. Most models experience a slight stiffness 
recovery during the catenary phase due to the composite 
interaction of the beam and slab before eventually losing 
all resistance and reaching nonconvergence. A few mod-
els such as W14-U-57-rLaL plunge to runaway deflection 

almost immediately after losing flexural resistance due to 
the low axial and rotational stiffness at the ends of the com-
posite beam.

The values of Ts,BF at which each model reaches the three 
deflection milestones are plotted in Figure  14(a–c) as a 
function of initial flexural utilization. Figure 14(d) plots the 
Ts,BF at the onset of an axial tension reaction at the ends of 
the beam, thus indicating a transition to catenary behav-
ior. This milestone is structurally significant: If the connec-
tions and continuous slab can resist these tensile reactions, 
then the beam can develop additional fire resistance in the 
catenary state. If the connections fail under these reactions, 
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Fig. 13.  Midspan deflection for the one-way W18×35 composite beam configuration under ASTM E119  
standard fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.2 m = 7.87 in.).

then the assembly may collapse. The values of Ts,BF in Fig-
ure  14(d) would therefore represent the true loss of flex-
ural resistance; any subsequent catenary response can be 
regarded as a redundancy or hardening prior to ultimate 
failure.

It should be noted that standard fire tests per ASTM E119 
(ASTM, 2024) and ISO 834 (ISO, 2019) are typically per-
formed on specimens with bearing-plate end supports, rather 
than a realistic connection to the test fixture. If tested as 
restrained, the bearing ends of the beam will develop axial 
compression and rotational restraint in response to thermal 
expansion. However, a transition from flexural response 
to catenary action is not possible for those test specimens 

because the beam end can simply pull away from the hori-
zontal bearing support (which cannot offer any axial tensile 
resistance) when flexural resistance is lost. The beam will 
therefore approach a runaway deflection rate soon after the 
loss of flexural resistance. The reader is referred to the pre-
vious paper by Drury and Quiel (2025) for more illustra-
tion of the end conditions for composite beam specimens in 
standard fire tests.

The values of Ts,BF in Figures 14(a) and 14(b) for the L/20 
and L2/(400dcomp) deflection milestones are much lower 
(i.e., more conservative) compared to those in Figure 14(d) 
for the onset of catenary response. Those in Figure 14(c) for 
L2/(400dbeam), however, show good overall agreement with 
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Fig. 14.  Ts,BF versus initial flexural utilization at several structural response milestones for all models under ASTM E119 fire exposure.

those in Figure 14(d), though with a slightly greater vertical 
dispersion at each load level. These results indicate that the 
L2/(400dbeam) can be used to appropriately denote the loss 
of flexural resistance under fire, which is consistent with 
previous work by Rackauskaite et al. (2019).

For comparison, the plots in Figure 14 also include two 
representations of critical bottom flange temperature, Tcr,BF: 
one per AISC 360-22, Table A-4.2.4 (reproduced previously 
in Table 1), and the other a constant value of Tcr,max = 704°C 
(1300°F) per ASTM E119. The plotted Ts,BF for all models 
in Figures 14(c) and 14(d) either fall above or very close to 
the load-dependent curve for Tcr,BF. This outcome is con-
sistent with a recent review of standard fire tests on a wide 
range of one-way composite floor beam configurations 
(Drury and Quiel, 2025) and reinforces the notion that the 
moment retention factor per AISC 360-22, Table A-4.2.4, 
can serve as an appropriate load-dependent relationship for 
Tcr,BF at the loss of flexural resistance under standard fire 
exposure. The constant Tcr,max per ASTM E119, on the other 
hand, fails to capture the influence of initial flexural load-
ing on the fire-induced response of these one-way compos-
ite beams.

In Figures  15 through 18, the midspan deflection for 
each model is normalized by its corresponding value of  
L2/(400dbeam) and plotted against Ts,BF for all four para-
metric combinations of beam end restraint in the follow-
ing order: rLaL, rHaH, rLaH, and rHaL. The value of Tcr,BF 
per AISC 360-22, Table A-4.2.4, for the corresponding 
level of applied loading is also marked on these plots as 
a vertical line—again, plots are provided only for initial 
flexural utilizations of 27% and 54% for brevity. Once the 
beams develop significant nonlinear stress-strain behavior 
at a deflection equaling 30–40% of L2/(400dbeam), all mod-
els show a noticeable acceleration in deflection rate. These 
figures consistently show a loss of flexural resistance (fol-
lowing an acceleration of deflection) for all models under 
standard fire exposure when Ts,BF reaches Tcr,BF and the 
midspan deflection approaches L2/(400dbeam). This outcome 
is robust across all parameters, including beam section size, 
one-way span length, the level of applied fire protection, the 
level of applied loading, and the level of beam end restraint.
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Fig. 15.  Midspan displacement [normalized by the corresponding value of  
L2/(400dbeam)] versus Ts,BF under ASTM E119 fire exposure with rLaL restraint.
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Fig. 16.  Midspan displacement [normalized by the corresponding value of  
L2/(400dbeam)] versus Ts,BF under ASTM E119 fire exposure with rHaH restraint.
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	 (a)  27% initial flexural utilization	 (b)  54% initial flexural utilization

Fig. 17.  Midspan displacement [normalized by the corresponding value of  
L2/(400dbeam)] versus Ts,BF under ASTM E119 fire exposure with rLaH restraint.
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	 (a)  27% initial flexural utilization	 (b)  54% initial flexural utilization

Fig. 18.  Midspan displacement [normalized by the corresponding value of  
L2/(400dbeam)] versus Ts,BF under ASTM E119 fire exposure with rHaL restraint.
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Fig. 19.  Midspan deflection for the one-way W14×22 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.05 m = 1.97 in.).

FLEXURAL RESPONSE TO  
NATURAL FIRE EXPOSURE

The calculated midspan deflections for all 108 composite 
beam configurations when exposed to the FH374 natural 
fire curve are plotted in Figures 19, 20, and 21 (W14×22, 
W16×26, and W18×35, respectively) for all three levels 
of SFRM protection and for all levels of end restraint per 
Table 4. As before, each plot shows only the 27% and 54% 
flexural utilization levels for brevity and includes a horizon-
tal “limit” line corresponding a deflection of L2/(400dbeam). 
Similar to the standard fire results in Figures  11–13, the 

results in Figures 19(a), 20(a), and 21(a) show that all unpro-
tected beams experience a loss of flexural resistance dur-
ing the heating phase of the FH374 fire and reach the L2/
(400dbeam) deflection milestone before proceeding to 
numerical nonconvergence.

When SFRM is applied, the (b) and (c) plots in Fig-
ures 19, 20, and 21 show that all composite beam configu-
rations are able to survive the FH374 fire exposure through 
burnout. All protected beams experience a rapid increase in 
deflection during the active heating phase and then partially 
rebound to a stable magnitude of residual deflection when 
cooling during the decay phase. As expected, models with 
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Fig. 20.  Midspan deflection for the one-way W16×26 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.1 m = 3.94 in.).
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Fig. 21.  Midspan deflection for the one-way W18×35 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM per Table 4 (conversion note: 0.1 m = 3.94 in.).
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Fig. 22.  Midspan deflection under FL374 natural fire exposure for composite beam  
configurations with rL restraint and P1 and P2 SFRM (conversion note: 0.1 m = 3.94 in.).

rL beam end restraint develop the largest peak deflections 
during heating by providing less direct resistance. Those 
with aH beam end restraint develop the largest magnitudes 
of residual deflection during cooling; these beams develop 
larger internal forces in response to higher axial restraint of 
thermal expansion, which thereby translates into larger per-
manent deflection once the assembly has cooled. Overall, 
models with higher levels of applied loading and the lower 
level of SFRM develop greater overall magnitudes and rates 
of deflection.

Calculated midspan deflections are plotted in Fig-
ures  22 and 23 for select composite beam configurations 
when exposed to the FL374 and FH912 natural fire curves, 
respectively. The responses of unprotected beam con-
figurations to these fire curves are very similar to those 
shown in Figures 19(a), 20(a), and 21(a) for exposure to the 
FH374 natural fire and are therefore not plotted for brevity. 
Also, results are shown only for models with rL beam end 
restraint because they develop larger deflections and thus a 
more severe fire-induced response than those with rH beam 
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Fig. 23.  Midspan deflection under FH912 natural fire exposure for composite beam  
configurations models with rL restraint and P1 and P2 SFRM (conversion note: 0.1 m = 3.94 in.).

end restraint. As shown previously in Figure 2, the FL374 
and FH912 fire curves are more severe (in terms of both 
maximum temperature and total duration) compared to that 
for FH374; as a result, the deflections for all P1 SFRM pro-
tected beam configurations in Figures 22 and 23 now also 
experience a loss of flexural resistance during the heating 
phase of these fires and reach the L2/(400dbeam) deflection 
milestone before proceeding to numerical nonconvergence. 
Beams with the thicker P2 SFRM protection survive these 
fire exposures through burnout and develop stable resid-
ual deflection when cooling. As before, models with larger 
applied loading develop larger peak deflections, and models 

with aH beam end restraint develop larger residual deflec-
tions. Some of the models [particularly, W18–54-rLaH 
under the FH912 fire in Figure 23(c)] come very close to 
the L2/(400dbeam) deflection limit before the heating phase 
ends, after which the beam is still able to develop a stable 
residual state with significant permanent deflection.

Similar to the standard fire results in Figure 14(c), Fig-
ure 24 shows that the values of Ts,BF at a midspan deflec-
tion of L2/(400dbeam) for the unprotected beams exposed to 
the FH374 natural fire curve are again above or very close 
to the load-dependent curve for Tcr,BF per AISC 360-22, 
Table  A-4.2.4. Similar to Figures  15–18, the midspan 
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deflection plotted previously for every SFRM-protected 
beam exposed to FH374 [Figures  19(b–c), 20(b–c), and 
21(b–c)], FL374 (Figure  22), and FH912 (Figure  23) is 
normalized by its corresponding value of L2/(400dbeam) 
and plotted against its Ts,BF in Figures  25, 26, and 27. In 
these plots, all models that suffer a loss of flexural stiffness 
reached the intersection of the horizontal line for the L2/
(400dbeam) deflection limit with the vertical line for Tcr,BF 
per AISC 360-22, Table A-4.2.4. Similar to the results for 
standard fire exposure, all models again show a noticeable 
acceleration in deflection rate once the deflections reach 
30–40% of L2/(400dbeam). All models that survive their 

respective natural fire curve experience a maximum Ts,BF 
during the heating phase that clearly falls short of the verti-
cal line for Tcr,BF and partially rebounds to a residual deflec-
tion achieved during cooling. The magnitude of residual 
deflection is influenced by the maximum value of Ts,BF, the 
total duration of heating, the level of beam end restraint, 
and the level of applied loading, as well as the composite 
beam geometry. A full exploration of the influence of these 
parameters on residual deflections is outside the scope of 
this paper but are an important consideration for the selec-
tion of passive fire protection that can minimize damage 
and enable a speedier restoration of post-fire functionality 
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Fig. 24.  Ts,BF at a midspan deflection of L2/(400dbeam) versus initial flexural utilization  
for all unprotected composite beam configurations under FH374 natural fire exposure.
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Fig. 25.  Midspan displacement [normalized by the corresponding value of L2/(400dbeam)]  
versus Ts,BF under FH374 natural fire exposure for models with rL restraint and P1 and P2 SFRM.
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Fig. 26.  Midspan displacement [normalized by the corresponding value of L2/(400dbeam)]  
versus Ts,BF under FL374 natural fire exposure for models with rL restraint and P2 SFRM.
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Fig. 27.  Midspan displacement [normalized by the corresponding value of L2/(400dbeam)]  
versus Ts,BF under FH912 natural fire exposure for models with rL restraint and P2 SFRM.

(i.e., to enhance the resilience of these assemblies against 
natural fire exposure).

Commentary on Connection Reactions

The axial forces at the beam ends from the models sub-
jected to the FH374 natural fire are plotted in Figures 28, 
29, and 30 for the W14×22, W16×26, and W18×35 com-
posite floor beam configurations, respectively. For rLaL 
models with the lowest level of beam end restraint, the 

residual tensile forces that develop during cooling are small 
compared to the compressive forces developed from the 
restraint of thermal expansion during heating. Specifically, 
these cases experience less permanent compressive strain 
due to lower restraint of thermal expansion during heat-
ing. Models with higher beam end restraint develop more 
permanent shortening when heated and therefore develop 
more residual tension in their connections when cooling. 
This outcome suggests that an optimal end restraint lies 
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Fig. 28.  Beam end axial force for the W14×22 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM (conversion note: 500 kN = 112.4 kips).
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Fig. 29.  Beam end axial force for the W16×26 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM (conversion note: 500 kN = 112.4 kips).

somewhere between fully restrained and fully unrestrained 
(LaMalva et al., 2020; Moss et al., 2004). Conversely, Fig-
ures  28–30 show that the aH models develop the largest 
magnitudes of residual tension at their beam ends. Also, 
models with the lower P1 SFRM thickness develop higher 
beam temperature; the translation of the associated ther-
mal expansion into larger restraining stresses therefore pro-
duces larger magnitudes of residual tension in these beams 
than their counterparts with the larger P2 SFRM thickness.

Due to the use of idealized beam end conditions, the 
values plotted in Figures  28–30 are not exact but instead 
represent an approximate range of reaction demands that 
the shear connections would experience due to natu-
ral fire exposure. To fully achieve a performance-based, 
fire-resistant design, the tensile capacity of the shear con-
nections at the beam ends must be capable of withstand-
ing these residual reactions. Large-scale tests on composite 
floor assemblies have shown that connection failures are 
possible both during heating as well as significantly after 
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Fig. 30.  Beam end axial force for the W18×35 composite beam configurations under  
FH374 natural fire exposure with varying levels of SFRM (conversion note: 500 kN = 112.4 kips).

natural fire burnout while the deformed beam cools and 
contracts (Choe et al., 2019; Selden et al., 2016a). Rotational 
and tensile capacities of shear connections under fire have 
been investigated in several previous studies (Block et al., 
2013; Liu and Astaneh-Asl, 2004; Seif et al., 2013; Selamet 
and Garlock, 2010; Yu and Frank, 2009); however, there is 
little consensus to date as to how these connections should 
be designed to survive natural fire exposure.

It should be noted that the simplified structural model 
used for this study applies the rotational and axial end 
restraint to the full cross-sectional area of the steel beam; 
however, shear connections for floor beams typically have a 
web attachment only. When the composite beam is heated, 
the bottom flange can come into contact with the support-
ing framing element via thermal expansion as well as end 
rotation from large deflection. Localized compression from 
this contact can induce local buckling in the bottom flange 
plate, thereby mitigating compression via damage absorp-
tion (Kordosky et al., 2020). Connection reactions during 
heating can also be reduced due to web local buckling or 
bolt slip within the connection (Hantouche et al., 2020; Liu 
and Astaneh-Asl, 2004). The top flange additionally trans-
mits some of the restraint force into the slab through the 
shear studs at their composite interface, potentially mitigat-
ing some of the reaction to the shear connection. During 
the natural fire’s decay phase, the onset of residual tension 
will be impacted by the various modes of thermal damage 
or permanent deformation that developed during heating. 
More research is needed on the actual development of the 
push-pull nature of shear connection response in composite 
floor beams during heating and cooling under natural fire. 

Also, more research is needed to explore potential modifi-
cations that can be made to a shear connection to enhance 
its resistance to these fire-induced actions (Safari and Brou-
jerdian, 2020; Selamet and Garlock, 2010).

Commentary on Two-Way Slab Contributions

It should be emphasized that the results presented in this 
paper focus solely on the one-way flexural response of com-
posite filler floor beams under fire. Large-scale experimen-
tal testing on common steel framed floor assemblies with 
composite W-shaped filler beams at Cardington in the UK 
(Bailey et al., 1999; Wald et al., 2006), NIST in the United 
States (Choe et al., 2021a, 2021b) and elsewhere (Li et al., 
2017; Selamet and Yolaçan, 2017; Wellman et al., 2011) have 
shown that the natural fire survivability of composite steel 
floor beams can be enhanced by engaging the composite 
slab in two-way tensile membrane and catenary action. The 
aforementioned ASCE exemplar report (ASCE, 2020) and 
other studies (Gernay and Khorasani, 2020; Huang et al., 
2003; Jiang et al., 2014; Khorasani et al., 2019; Lamont et 
al., 2006, 2007; McAllister, 2014; Sanad et al., 2000) have 
also used 3D finite element (FE) numerical models of steel 
framed buildings with W-shape composite floor beams to 
demonstrate the beneficial contributions of two-way ten-
sile membrane action in the composite slab when the ele-
vated reactions in the slab and connections are taken into 
account. To unlock these benefits via PBSFD, however, the 
slab thickness and reinforcement must often be enhanced 
beyond what is conventionally used in current North Amer-
ican practice to achieve adequate load redistribution when 
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the filler beams develop large fire-induced deflections. 
Additionally, the aspect ratio of the floor system’s bay 
dimensions and the relative fire resistance of beams and 
girders at the perimeter of each bay will play a role in the 
development of tensile slab contributions. Large deflections 
and catenary action will also increase the demand on the 
beam end connections. Tensile forces and increased rota-
tion at high temperature would also need to be considered 
for connection design if the PBSFD performance objective 
relies on achieving large deflections.

The focus of this study on one-way flexural behavior for 
composite floor beams can still provide an efficient ana-
lytical alternative when the consideration of two-way slab 
action analysis may be cost prohibitive or impractical. The 
relationship for Tcr,BF as a function of M/Mn per Table  1 
would still provide a good prediction of the initial onset of 
rapid downward deflection for any fire-exposed W-shape 
floor beam assembly because tensile membrane and/or 
catenary effects would only be engaged once the beam 
achieves a significant amount of deflection. Any engage-
ment of tensile slab effects would therefore provide a last 
resort for collapse prevention, though the structure would 
still be considered to be irreparably damaged if the rela-
tionship for Tcr,BF as a function of M/Mn per Table 1 were 
exceeded.

CONCLUSIONS

Three realistically representative composite floor beam 
configurations (with different W-shape section sizes and 
one-way span lengths) were used for parametric numerical 
analysis, the matrix for which included the following: one 
standard fire curve and three natural fire curves, three levels 
of passive fire protection, realistic levels of axial and rota-
tional restraint at the end of the beam to represent that pro-
vided by a shear connection, and varying levels of applied 
flexural loading. A previously validated heat transfer mod-
eling approach was used for calculating steel temperatures 
for each flange and the web as individual lumped masses, 
and a one-dimensional FE heat transfer modeling approach 
was used to calculate the temperature gradient through the 
structural thickness of the floor slab. A previously vali-
dated fiber-beam FE structural modeling approach was 
used to model flexural response of the one-way composite 
beam assembly under fire. The following conclusions can 
be drawn based on the results of the parametric analyses:

•	 A deflection magnitude of L2/(400dbeam) consistently 
indicated the loss of flexural resistance for exposure to 
any fire exposure in this study, regardless of parametric 
variation or composite beam configuration. This point 
also marks the onset of a catenary response in the 
beam end, which can only be supported if the beam end 

connections and the composite slab reinforcement have 
adequate capacity.

•	 The relationship in AISC 360-22, Table A-4.2.4, between 
moment retention factors and bottom flange temperature 
Ts,BF can be reframed as a relationship between flexurally 
critical bottom flange temperature Tcr,BF and the initially 
applied flexural utilization ratio M/Mn. This load-
dependent representation of Tcr,BF was also demonstrated 
as a reliably conservative indicator for the loss of flexural 
resistance for all composite beam model configurations 
under fire, again regardless of the level of applied fire 
protection, the level of beam end restraint, or the type of 
fire exposure.

•	 The relationship between midspan deflection and bottom 
flange temperature was relatively consistent across all 
beam configurations under all fire exposures in this 
study. These results suggest that Ts,BF can be reliably 
used as an indicator of flexural response for one-way 
composite floor beams under fire. Specifically, the 
load-dependent values of Tcr,BF based on AISC 360-22, 
Table A-4.2.4, can accurately signify the loss of flexural 
resistance under either standard or natural fire exposure. 
The application of various levels of axial and rotational 
restraint to the beam ends had a relatively marginal 
influence on the Ts,BF at which the composite beam 
suffered a loss of flexural resistance at a given level of 
applied flexural loading.

•	 Variations in axial and rotational beam end restraint 
had more impact on the flexural response of these 
composite beam configurations when they were able 
to survive natural fire exposure thru burnout without 
flexural failure. Lower rotational stiffness at the beams 
ends produces increased deflection during the heating 
phase of a natural fire but less residual tensile force at 
the connections during cooling (due to less restraint 
of thermal expansion and therefore less permanent 
deformation during heating). Conversely, increased axial 
restraint initially provides a benefit to the composite 
floor assembly by reducing deflections during heating 
under natural fire but ultimately generates higher levels 
of residual tension in the connections during cooling 
(since the greater restraint of thermal expansion will have 
permanently shortened the beam during heating).

•	 Future work can extend the results of this study 
toward determining load-dependent values of Ts,BF 
that correspond to varying levels of residual damage 
if the beam survives a natural fire through burnout. 
The residual reactions in the connections could also be 
quantified as a function of Ts,BF, initial M/Mn, and beam 
end restraint.
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