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Abstract 

This paper presents an experimental behavior of unprotected W16 × 26 steel beams 
subjected to localized fire. Beam specimens were either simply supported or connected 
to steel columns via all bolted double angle connections. Two test fires, steady or 
transient heating, were produced using a natural gas fueled burner located below the 
center of the beams. Thermal and structural responses of the steel beams as well as the 
heat release rate and applied forces were measured. The tests showed that all specimens 
failed by lateral-torsional buckling regardless of fire loading and end support conditions.  
The results highlight that the heating conditions and end restraints influence the behavior 
of steel beams under localized fire. The experimental results presented can be used for 
validation of predictive models in order to improve deign methods for localized fire 
conditions.  
Keywords: Experimental investigation; localized fire; steel beam; thermal restraint; 
lateral-torsional buckling; failure temperature. 

 
 

 
1. Introduction 

Fires in the open or in large enclosures are characterized as localized fires, in which the 
gas temperatures are spatially non-uniform [1]. The effect of localized fire on structures 
was studied in the past. Hasemi et al. [2] conducted a series of tests to study the heating 
mechanism of ceiling/beam system exposed to localized fire. Propane gas fuel was used 
to produce steady-state fires. The heat release rates (HRRs) were calculated from the 
volume of flowing gas with the assumption of complete combustion. Heat flux gauges 
were used to measure the incident heat flux along the ceiling/beam at different distances 
away from the fire centerline. Based on the test data, a model was developed to calculate 
the heat flux to the ceiling from flame impingement from a localized fire [3], which is 
adopted in the Eurocode 1 [4]. In the SFPE handbook [5], empirical correlations are 
provided to calculate the heat fluxes to different parts of I-shaped ceiling steel beam from 
localized fire. Zhao and Kruppa [6] reported fire tests performed on a real car park made 
of steel columns and steel beams connected to composite slabs, in which cars were 
burned under the structure. Thermocouples were used to measure the gas and steel 
temperatures. Deflections of the steel beams were also measured. Sandstrom et al. [7] 
reported test data on steel truss exposed to localized fires. Heptane pool fires were used 
and the HRRs were calculated from mean value of tabulated fuel burning properties. Gas 
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and steel temperatures were measured by thermocouples, and plate thermometers were 
used to measure the adiabatic surface temperatures. Linear position transducers were 
used to measure the vertical and horizontal displacements. Ferraz et al. [8] reported 
experimental studies on thermal response of hollow steel columns exposed to localized 
fires. Diesel pool fires were used and the HRRs were calculated using an empirical 
equation which is based on burning rate or mass loss rate of the fuel and assuming 
complete combustion. Type K wire and probe thermocouples were used to measure the 
steel and gas temperatures. Tondini and Franssen [9] reported test data on hydrocarbon 
localized fires with and without engulfed vertical steel members. Heptane pool fires and 
diesel pool fires were used and the HRRs were calculated from the fuel flow rate using the 
fuel properties provided by the supplier or from literature. These studies seldom 
experimentally measured the HRR of a fire, while HRR is an important parameter in the 
fire modeling [10]. Further, numerical studies [11-14] show that structures in a localized 
fire might have failure models different from those exposed to enclosed fires. Therefore, 
localized fire tests on structures with accurate HRR measurement are essentially needed 
for model validation and developing rational methods for fire safety design of structures 
with large enclosure. 

The National Institute of Standards and Technology (NIST) conducted a series of 
localized fire tests on 6 m long steel beams in the National Fire Research Laboratory 
(NFRL) [15]. This paper focuses on the experimental results as well as the effect of heating 
conditions and end restraints on the behavior of steel beams subjected to localized 
heating. The design of a test fire and numerical study are presented in the companion 
papers [16-17]. Details of experimental design and data sets are available in Choe et al. 
[18]. 

2. Experimental design 

2.1. Test matrix 
Table 1 gives the test matrix. All specimens were 6.2 m long and had W16 × 26  sections. 
Specimen 1 was tested at ambient temperature to measure the ambient flexural capacity 
and to commission the structural loading setup. Specimen 2 and Specimen 3 were used 
to compare the effect of the loading sequence. Specimen 2 was loaded to failure under 
steady heating; Specimen 3 was heated to failure while the mechanical load was 
maintained. Specimen 4 had double angle connections at the ends and was tested under 
a transient fire.  

Table 1. Test matrix for the laboratory experiments 
Specimen Test No. 

in [18] 
End-support condition Loading protocol 

Specimen 1         6 Simple support Structural load 
Specimen 2         7 Simple support Steady-state fire + Structural load 
Specimen 3         8 Simple support Transient fire + Structural load 
Specimen 4  9 Double-angle connection Transient fire + Structural load 
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2.2. Test setup 
Fig. 1 shows a schematic of the test setup. The test setup was erected on a strong floor 
under the 13.7 m × 15.2 m exhaust hood. The bearing-to-bearing length for the simply 
supported specimens was 5.87 m. The distance between the centerlines of the bolts on 
the web near the beam ends for the specimen with double angle connections was 6.05 m. 
The distance from the lower flange of the beam specimen to the strong floor was 1.6 m. 
The nominal values for flange width, flange thickness, web thickness, and the depth of the 
W16 × 26 beam specimen were 140 mm, 8.8 mm, 6.3 mm, and 400 mm, respectively [19]. 
The W16 × 26 beam was made of ASTM A992 [20] steel with the minimum yield and 
tensile strengths of 345 MPa and 450 MPa, respectively. From the coupon tests (8 
specimens cut from the web and 8 specimens cut from the flange), Young’s modulus, yield 
strength, and tensile strength of the beam material were 210 GPa, 390 MPa, and 480MPa, 
respectively.  

As shown in Fig. 1, two loading beams spaced at 2.44 m were used to apply structural 
load to the specimens. Four 220 kN hydraulic actuators were mounted in the basement 
underneath the strong floor. High strength bars were used to transfer the load from the 
actuators to the loading beams. The specimens were laterally braced at the location of the 
loading beams. Fire was applied to the mid-span of the specimen using a fuel delivery 
system that consisted of two natural gas burners with a total nominal flame zone of one 
square meter that can provide a heat release rate of up to 1.5 MW. The top of the burner 
was 1.1 m below the lower flange of the specimen. 

Fig. 2 shows the details of the end supports. The ends of specimens with simply 
supported boundary conditions were restrained against any lateral rotation of the 
specimen. For the specimen with the double angle connection, L5 × 5 × 5/16 [19] all-
bolted double angles with 19.1 mm diameter ASTM A325 [21] bolts at three rows were 
used. The leg width, thickness, and the length of the ASTM A36 [22] L5 × 5 × 5/16 angles 
were 127 mm, 7.9 mm, and 229 mm, respectively [19]. 
 

 
 

Fig. 1. A schematic of the Test setup. Source: NIST 
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Fig. 2. Details of the supports (a) simple support view from top, (b) simple support bottom part, (c) 
double angle connection-photograph, and (d) double angle connection-dimensions [18]. Source: NIST 

2.3. Instrumentation layout 
At the ends of the simply supported specimens, two 220 kN load cells were placed 

between the support and the specimen to measure the vertical reaction forces. At the 
mid-span of the fire test specimens, vertical and lateral displacements were measured 
using string potentiometers with special temperature-compensated probes [18], while 
conventional string potentiometers were used for the remaining displacement 
measurements (Fig. 3a). For Specimen 4 with double-angle connections, strain gauges 
were attached to the legs of the double-angles and the web of the beam (Fig. 3b). Glass-
sheathed, K-type, 24-gauge thermocouples were installed at 5 different sections along the 
length of the beams to measure the temperatures in the fire affected zone of the fire test 
specimens (Fig. 3c). In addition to the sensors shown in Fig. 3, the heat release rate (HRR) 
of the natural gas burners as well as force and displacement at each actuator were also 
measured. For each fire test, two HRRs were measured, one was determined using the 
measured mass flow and the composition of the natural gas of the burner (burner HRR), 
and the other was measured by the calorimeter (exhaust hood) based on the amount of 
oxygen consumed (calorimeter HRR). The differences between the two measured HRRs 
were negligible and the burner HRRs were presented in this paper. The uncertainty of 
measurements is reported in Choe et al [18]. The estimated total expanded uncertainty, 
with a coverage factor of 2, of the force, displacement, and strain measurements were 
approximately ± 10 %, ± 15 %, and ± 5 %, respectively. The estimated total expanded 
uncertainty of the steel temperatures and the heat release rates measured using the 
burners were ± 12 % and ± 7 %, respectively. 
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(a) 

 
(b) 

 
(c) 

Fig. 3. Locations of (a) the rotation and displacement sensors, (b) strain gauges in the double angle 
connection and (c) thermocouples in the specimens (Unit = cm). 

2.4. Test protocol 
For the ambient temperature test (Specimen 1), an actuator load was initially applied at 
a rate of 1.27 mm/min up to about 20.5 min and then at a rate of 0.25 mm/min until the 
specimen failed. For the steady-state fire test (Specimen 2), the mid-span of the specimen 
was exposed to an open flame fire of 700 kW (located underneath the beam at a vertical 
distance of 1.1 m) followed by increasing each actuator load at 4.4 kN/min until failure of 
the specimen. For the transient fire tests, Specimens 3 and 4 were loaded to the maximum 
load measured during the steady-state fire test, and specimen was exposed to an open 
flame fire at mid-span while the heat release rate increased until the specimen failed.  
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3. Experimental results 

3.1. Ambient temperature test: Specimen 1 
Fig. 4 shows the average point loads (Py) applied to the specimen and the average 

reaction force (Ry) at each end. The point load value shown in the figure is the total load 
applied by the two actuators. The maximum point load applied on the specimen and the 
corresponding reaction force were 133.4 kN and 146.4 kN, respectively. The resulting 
peak moment, calculated for the four-point bending test setup using the measured 
reaction forces and the uniform self-weight of the specimen (0.38 kN/m), at the mid-span 
was 250 kN·m. 

Fig. 5 shows photographs of the specimen under structural loads during the test. Fig. 
6 shows the measured vertical and lateral displacements at mid-span. The positive value 
indicates the vertical displacement in the downward direction and the lateral 
displacement in the north direction. The specimen failed by lateral torsional buckling as 
shown in Fig. 5a and Fig. 5b. Fig. 5c shows local buckling of the top flange due to the 
excessive compressive forces. 
 

 

Fig. 4. Point load (Py) and reaction force (Ry) time histories of ambient test. 
 

  

Fig. 5. Ambient test photographs. (a) Front view, (b) top view, and (c) local failure of top flange. Source: 
NIST 
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Fig. 6. Reaction force versus (a) vertical displacement and (b) lateral displacement of Specimen 1. 

3.2. Steady-state fire test: Specimen 2 
As shown in Fig. 7a, after the value of HRR was maintained at a target value of 700 kW, 
the increase in the bottom flange temperature became smaller (at less than 2 °C/min), 
practically reaching steady state. Mechanical loads were then applied to the specimen at 
a rate of 9 kN/min at each loading point. The maximum load of 90 kN reached at 31 min 
after the ignition. The corresponding flexural capacity of the steel beam was 170 kN·m. 

Fig. 7b shows the average temperatures measured across the beam cross section at 
sections 3, 4, and 5 of the specimen as shown in Fig. 3. Locations of thermocouples 
mounted in the cross section are illustrated in Fig. 7c. A thermal gradient was developed 
as the bottom part of the specimen was directly exposed to fire. The average value of the 
bottom flange (BF) temperature over the duration of mechanical loading was 620 °C. 
      Fig. 8 shows photographs of the deflected shape of the specimen during the test and 
after cooling. Fig. 9 shows deflection responses of the specimen to applied loads. Initially, 
the mid-span vertical displacement increased linearly without increasing lateral 
displacements. As the point load reached greater than 60 kN, lateral displacements 
started increasing. At a peak load of 90 kN, the portion of the specimen between two 
loading beams twisted.  

 

 

Fig. 7. (a) HRR, Py, and Ry time histories of the steady state test, (b) temperature time history and (c) 
locations of temperature measurements. 
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Fig. 8. Photographs of (a) deflected Specimen 2 during testing, (b) specimen after cooling-view 1, (c) 
specimen after cooling-view 2, and (d) local distortion in the flange-north part of top flange. Source: NIST 

 
Fig. 9. Deflection response of the specimen (Dv = vertical displacement, DL = lateral displacement, and Ry = 

reaction force at ends). 
 

3.3. Transient fire test: Specimens 3 and 4 
Both Specimen 3 (simply supported) and Specimen 4 (with double-angle connections) 

were tested under transient heating by increasing the HRR of the fire with time. 
Mechanical load at each loading point was increased to 90 kN at ambient temperature, 
and then the mid-portion of the beam was exposed to a growing fire until the specimen 
was failed.  The magnitude of maintained mechanical loads was the same as the measured 
load capacity of Specimen 2 (tested at steady heating) and as approximately 67% of the 
ambient capacity. The fire was applied as the following: HRR was initially increased to 
250 kW which was maintained up to 4 min, and increased by following a t-squared 
quadratic function of HRR = 4.5·t2 + 250, where HRR is in kW and t is the fire exposure 
time in min. Fig. 10 shows the average point load (Py) and the heat release rate (HRR) of 
the burner for Specimens 3 and 4. The peak HRR value at failure was 1280 kW (at 17.5 
min) for Specimen 3  and 940 kW (at 14.2 min) for Specimen4.  
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Fig. 10. Measured HRR and average point load (Py) as a function of test time (Specimens 3 and 4). 

Fig. 11 shows the average temperature measured in Sections 3, 4, and 5 (Fig. 3) of 
Specimens 3 and 4. Fig. 12 shows the measured displacements of Specimens 3 and 4, with 
the secondary y-axis representing the bottom flange temperature. The vertical 
displacement of Specimen 3 was recorded until 25 min due to failure of a displacement 
sensor. Similar to Specimen 2, Specimens 3 and 4 started displacing downward due to 
material degradation at elevated temperatures. The lateral displacement started 
increasing when the bottom flange temperature reached about 500 to 550 °C. The bottom 
flange temperature of Specimens 3 and 4 at failure were 660 °C and 560°C, respectively. 

Fig. 13 and Fig. 14 show the deflected shapes of Specimen 3 and 4 during the test and 
after cooling. Both specimens exhibited permanent deformations due to lateral-torsional 
buckling. Local buckling of the top flange at mid-span caused by excessive compressive 
stress was also observed in both specimens. Fig. 14c and Fig. 14d show tensile fracture of 
the upper flange in the north side of the Specimen 4 due to lateral-torsional buckling, 
around a blind threaded hole that connected a string potentiometer [18]. 

 

 

Fig. 11. Thermal response of (a) Specimen 3 and (b) Specimen 4. 
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Fig. 12. Deflection responses of (a) Specimen 3 and (b) Specimen 4. 

 

 

Fig. 13. Deflected shapes of Specimen 3 (a) during the test and (b) after the cool down phase. Source: 
NIST 
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Fig. 14. Specimen 4 (a) during the test, (b) after the cool down phase, (c) Lateral-torsional buckling at 
mid-span, and (d) tensile fracture of top flange. Source: NIST 

Fig. 15a shows measured strains at the double angles for Specimen 4 (refer to Fig. 
3b for the strain gauge layout). The strain values shown in this figure are the averaged 
values of the strains measured at the east and west connections. Under the ambient 
loading, small rotational restraints from the connections introduced negative bending 
moments in the connections. However, when exposed to fire, the connection region was 
subjected to compression due to the restraint to thermal elongation until the specimen 
failed by lateral torsional buckling. As in Fig. 15a, compressive strains increased at an 
average rate of 26.5 µɛ/min during the fire exposure until failure. The compressive force 
in the double angle connection, estimated using the strain rate of 26.5 µɛ/min and 
assuming a Young’s modulus of 200 GPa for steel, increased at a rate of 19 kN/min 
resulting in a total compressive force of 240 kN developed during the 12.4 min fire 
exposure. After the beam lost its load-carrying capacity, the connections were then 
subjected to tension in order to carry applied loads on the beam. The connections 
eventually failed by tensile yielding as shown in Fig. 15b. Neither shear deformations of 
the bolts nor tear-out failure of bolt holes in the angles was observed.  The beam ends 
exhibited small deformations of bolt holes in tension. 
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Fig. 15. (a) Strains measured in the double angles (b) deformed shape of double angle connection after 
the cool down phase (Specimen 4). Source: NIST 

4. Discussion 

4.1. Effect of load protocols 
All three specimens tested in localized fires showed similar deflection behavior and 
failure modes. Degradation in the material strength at elevated temperature and thermal 
gradients developed through the beam depth caused the beam to deflect downward 
regardless of loading protocols in Table 1. At the onset of failure, the specimens started 
twisting and displaced laterally while deflected downward.  

However, the specimen tested at transient fire (Specimen 3) failed at higher bottom 
flange temperature (660 °C) than the specimen tested at steady-state fire (Specimen 2, 
that failed at a bottom flange temperature of 620 °C). This result might have been caused 
by the difference in the degree of thermal gradients between two specimens.  Fig. 16 
compares the numerically predicted temperature distributions in the lower flange, web 
and upper flange of the specimen exposed to the steady-state and transient fires when 
the maximum temperature of 620 °C was reached in the lower flange of the specimen 
[17]. For both the web and upper flange, the steel temperatures for the transient fire case 
are comparatively lower than those for the steady-state fire case.  

At failure, the measured average temperatures at the mid-span section of Specimens 2 
and 3 are 435 °C and 470 °C, respectively. Using the finite element model developed for 
the simply supported specimen described in [17] and assuming a uniform temperature 
rising in the specimen, failure mode of lateral torsional buckling was predicted and the 
(uniform or average) temperature in the specimen at failure was 452 °C, close to the 
average temperatures at the mid-span in localized fire tests. The little differences among 
those average temperatures does not necessarily indicate that the lateral torsional 
buckling capacity of steel beams in localized fire could be assessed by the average 
temperature at the mid-span section but  it provides interesting information that would 
be considered in the future studies on the development of assessment models.   

-1500
-1200
-900
-600
-300

0
300
600
900

1200
1500

0 5 10 15 20 25 30 35 40

St
ra

in
 (
μm

/m
)

Time (min)

Bolt slip

εa1

εa2

εa3

Loading only Fire and loading

(a) (b)



13 

 
(a) 

 
(b) 

 
(c) 

Fig. 16. Comparison of temperature distributions in specimen exposed to the steady-state and transient 
fire conditions. The maximum steel temperature for different fire conditions was 620 °C. (a) upper flange; 

(b) web and (c) lower flange. 

4.2. Effect of end restraints 
In this study, the presence of end restraint did not influence the failure mode of the beam 
specimen tested under similar conditions. Both Specimen 3 (simply supported) and   
Specimen 4 (with double-angle connections) exhibited similar global behavior and failed 
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by lateral torsional buckling. However, the bottom flange temperature with the double 
angle connections failed sooner and at about 150 °C lower bottom flange temperature.   

 
 
5. CONCLUSIONS 

The traditional testing methods for evaluating the fire performance of structures are 
based on the standard fire environment which assumes a uniform heating condition. As a 
result, structural fire tests are usually conducted in furnaces (note that by proper design, 
the standard fire environment can be approximated in a real compartment outside a 
furnace [23]). This paper presents a localized fire testing method which might be used to 
validate predictive models of structures in large enclosure or open spaces. Three 6.2 m 
long W16 × 26 bare steel beams were exposed to localized fires using a natural gas 
burner. Although further study is needed, the experimental investigation presented in 
this paper indicates the following: 

• Localized fire exposure would not change the lateral torsional failure mode from 
ambient conditions regardless of heating conditions and end support conditions.  

• Failure temperature of the specimen exposed to localized fires could be affected 
by the fire and loading protocols (heating to failure versus loading to failure). The 
specimen could fail at lower bottom flange temperatures under steady heating 
than transient heating.  

• Failure temperature of the specimen subjected to a localized fire could be lowered 
by the presence of end restraints.  
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