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Abstract.  This paper presents experimental investigations of the fundamental behavior of concrete filled 
steel tube (CFT) beam-columns under fire loading. A total of thirteen specimens were tested to determine the 
axial force-moment-curvature-temperature behavior of CFT beam-columns. The experimental approach 
involved the use of: (a) innovative heating and control equipment to apply thermal loading and (b) digital 
image correlation with close-range photogrammetry to measure the deformations (e.g., curvature) of the 
heated region. Each specimen was sequentially subjected to: (i) constant axial loading; (ii) thermal loading 
in the expected plastic hinge region following the ASTM E119 temperature-time T-t curve; and (iii) 
monotonically increasing flexural loading. The effects of various parameters on the strength and stiffness of 
CFT beam-columns were evaluated. The parameters considered were the steel tube width, width-to- 
thickness ratio, concrete strength, maximum surface temperature of the steel tube, and the axial load level on 
the composite CFT section. The experimental results provide knowledge of the fundamental behavior of 
composite CFT beam-columns, and can be used to calibrate analytical models or macro finite element 
models developed for predicting behavior of CFT members and frames under fire loading. 
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1. Introduction 
 

Steel-concrete composite structures are considered for many construction projects because of 
their structural efficiency, cost benefits and construction economy. Composite construction is also 
attractive from a fire resistance perspective. Steel structures utilizing composite columns can 
potentially achieve high fire resistance due to the presence of concrete, which has good fire 
resistance characteristics. Concrete filled steel tube (CFT) columns are an excellent example of 
composite construction and its efficiencies and advantages. 

Some of the major advantages of composite construction using CFT columns are as follows: (i) 
the steel framework can be erected independently during concrete placement; (ii) The steel tube 
acts as formwork for casting concrete thus improving the construction schedule and economy; (iii) 
The concrete infill restrains the inward buckling of the steel tube (Patel et al. 2012); (iv) The steel 
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tube provides some nominal confinement to the concrete infill; and, (v) under fire loading, the 
concrete infill acts as a heat sink to delay the heating of the steel tube and maintains its strength for 
longer durations of heating (Hong and Varma 2010). 

The current building codes emphasize prescriptive fire resistant design, while providing some 
options and guidance for performance-based fire resistant design. The building codes prescribe 
required fire resistance rating (required FRR) for the primary structural components of the 
building. These FRR requirements are: (i) based on the building geometry, use, and occupancy 
details; and (ii) specified in terms of the hours of standard ISO-834 (1980) or ASTM E119 (2010) 
fire time-temperature (T-t) curve they can withstand. Fire resistant design is achieved by selecting 
structural components and fire protections with design fire resistance rating (design FRR) values 
greater than or equal to the required FRR. 

The design FRR values for structural components can be obtained from: (1) standard fire tests 
conducted according to ISO-834 (1980) or ASTM E119 (2010); or (2) standard calculation 
methods based on the experimental results and regression analyses of earlier standard fire test 
results (e.g., ASTM E119 (2010), NFPA (2009), ASCE/SEI/SFPE (2007)). Thus, the standard fire 
test forms the basis of the prescriptive fire resistant design approach, and most prior work in the 
U.S. has focused on evaluating the design FRR values of structural components. 
 
 
2. Motivation and research need 
 

Standard fire tests have been conducted by several researchers (e.g., Xu et al. (2011), Lu et al. 
(2010a, 2010b), Huo et al. (2011), Romero et al. (2011), Kodur and Mackinnon (2000), Sakumoto 
et al. (1994), Han et al. (1994)) to determine the design FRR values for composite CFT columns. 
These tests were conducted using gas furnaces that were specially designed and commissioned to 
test column specimens by subjecting them to combined axial loads and heating (e.g., Sakumoto et 
al. (1994), Romero et al. (2011), Lu et al. (2010a, b), Huo et al. (2011)). The axial loads were 
applied and maintained constant during the test, and the heating was controlled to subject the air 
surrounding the column specimens to the standard (ISO-834 (1980), ASTM E119 (2010)) gas 
phase (air) temperature-time (T-t) curve. These column furnaces are usually quite expensive to 
build, maintain and use. 

The elevated temperatures and heat flux within the furnaces prevent the use of conventional 
voltage based sensors (strain gages, displacement transducers, etc.) for measuring the structural 
behavior (strains, deflections, rotations, etc.) of the column specimens. Hence, the results from the 
standard fire tests are limited to: (1) the thermal T-t responses of the column surfaces and several 
points within the cross-section; (2) the overall axial displacement-time responses, and in some 
cases (e.g., Sakumoto et al. (1994), Romero et al. (2011), Lu et al. (2010b)); (3) the midspan 
lateral displacement-time responses of the column specimens. These results can be used to 
calculate the time to failure and the design FRR values for the column specimens. 

The results from standard fire tests do not provide knowledge or insight into the fundamental 
force-deformation behavior of columns under fire loading. They cannot be used directly or 
indirectly to estimate the behavior of columns or other members for any other structural or thermal 
loading and boundary conditions. These limitations of the standard fire test and the prescriptive 
fire resistant design approach are well known and documented in several sources (e.g., AISC 
Design Guide 19 (2003), Beyler et al. (2007)). 

As discussed in Maluk et al. (2012a), Maluk and Bisby (2012b), there is a significant need for 
innovative experimental methods and analytical approaches that can be used to: (1) investigate the 
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fundamental behavior of structural members and systems under realistic fire loading; (2) evaluate 
the effects of various structural and fire loading parameters on behavior and collapse; and (3) 
develop rational structural behavior-based fire resistant design provisions. This need is further 
endorsed by the findings and the future research recommendations from the 9/11 World Trade 
Center (WTC) Towers collapse investigations conducted by the National Institute for Standards 
and Technology, Building and Fire Research Laboratory (NIST BFRL) researchers (e.g., Sunder et 
al. (2005), NIST NCSTAR 1A (2008)). Similar research needs have been identified by recent 
national workshops and publications focusing on structural fire engineering research needs (e.g., 
Beyler et al. (2007), Kodur et al. (2008)). The structural engineering research and practice 
communities will have to work collaboratively to make progress and address these research needs 
in the near future. 
 
 
3. Research objectives and significance 
 

The authors have contributed to this progress by conducting a research project focusing on the 
fundamental behavior and stability of composite CFT columns under standard fire loading (Hong 
2007). This project included three major tasks: (1) Development and verification of numerical (3D 
finite element) models for simulating the fire behavior of CFT columns. (2) Experimental 
investigations of the fundamental force-deformation-temperature (F-δ-T) behavior of CFT 
members subjected to fire loading. And, (3) using the fundamental F-δ-T behavior to develop and 
verify analytical approaches for predicting the behavior and stability failure of CFT columns under 
fire loading. 

The results from all three tasks have been presented in detail in Hong (2007). Additionally, the 
results from Tasks 1 and 3 have been summarized in Hong and Varma (2009, 2010), respectively. 
This paper presents the results from Task 2 in detail. The paper presents: 

(1) An innovative experimental approach that was developed to determine the fundamental 
behavior, namely, the section moment-curvature (M-ϕ) behavior of structural members 
subjected to elevated temperatures from fire loading. 

(2) The results of experimental investigations conducted on CFT beam-column members to 
determine their section M-ϕ responses at elevated temperatures, and the effects of 
parameters, namely, axial loading, heating, concrete strength, tube geometry, and fire 
protection thickness on them. 

(3) The development of simple equations that can be used to estimate the stiffness and 
strength of CFT beam-columns members at elevated temperatures from fire loading. 

 
3.1 Research significance 
 
The experimental approaches described in this paper present the flexibility of the method 

originally developed by Hong (2007). The beam-column tests described in this paper can be 
conducted in traditional structural engineering laboratories using conventional hydraulic 
equipment and actuators to apply mechanical loading and the radiation-based heating equipment 
for applying simultaneous heating (thermal loading). Since the specimens are not placed inside 
furnaces, their behavior can be observed visually and their thermally induced responses 
(displacements, strains, and curvatures, etc.) can be measured extensively using close-range 
photogrammetry (Sadek et al. 2003). 
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The experimental results presented in this paper provide insight into the fundamental behavior 
of CFT members, and can be used to estimate the stiffness and strength of CFT members under 
fire loading. The experimental results can be used to benchmark new or existing analytical models 
developed to model or predict the behavior of CFT members in building structures subjected to 
fire loading. The authors (Hong and Varma 2010) used the experimental results to develop and 
benchmark an analytical approach for predicting the stability failure of CFT columns under fire 
loading. 

In addition, Choe et al. (2011) recently investigated the fundamental behavior of wide-flange 
steel members by implementing the experimental approach presented in this paper. Full-scale steel 
columns and beam-columns, typically used in steel building structures, were tested under 
combined thermal and mechanical loads to investigate the fundamental P-M-ϕ-T behavior of 
failure sections subjected to elevated temperatures simulating fire. Simple analytical models were 
also developed to estimate the fundamental force-displacement and moment-curvature behavior of 
steel members using Newmark’s approach as presented in Hong and Varma (2010). The analytical 
models of wide-flange steel columns under fire loading were verified by Choe (2011). Also, the 
column test data have been used for developing and validating existing column design curves that 
account for the effects of surface temperatures (e.g., Choe 2011, Agarwal and Varma 2011). The 
fundamental test data obtained from the experimental approach presented in this paper can 
eventually be used to develop a closed-form analytical model to present the moment-curvature 
behavior of load-bearing members subjected to combined mechanical and thermal loading (Walz 
et al. 2011). 
 
 
4. Experimental approach 

 
The experimental approach was developed to determine the fundamental thermal and structural 

behavior of structural members under fire loading. Two types of tests were conducted: (1) to 
measure the heat transfer behavior and thermal T-t (temperature-time) response of various points 
in the member cross-section, and (2) to measure the moment-curvature M-ϕ behavior of the 
member section subjected to elevated temperatures from fire loading. 

 
4.1 Heat transfer experiments and heating equipment 
 
The focus of the heat transfer experiments was on the applied thermal loading, and the 

measured temperature-time (T-t) responses of points in the member cross-section. The structural 
loads were not applied in this experiment to focus on the thermal response of the member 
cross-section. The thermal loading was applied to the member cross-section using ceramic fiber 
radiant heaters. These heaters use radiation based heating to apply the thermal loads, and are 
capable of providing operating temperatures up to 1200°C (2200°F) with applied heat flux 
densities of 0.8 to 4.6 W/cm2. These heating units are made by integrating iron-chrome-aluminum 
heating elements within lightweight alumina-silica fiber composite panels. The ceramic fiber 
heaters used in this test had dimensions of 355 × 305 mm, heating area of 305 × 305 mm, and heat 
flux or watt density of 3.2 W/cm2. Four ceramic fiber heaters were placed around the sides of the 
member to enclose the section the section and thus apply thermal loading. 

Standard fire tests (e.g., ASTM E119 (2010)) are typically conducted in special gas furnaces, 
where the standard provides the target T-t curve for heating the air surrounding a structural 
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member. However, this gas phase (air) T-t curve cannot be used as the target T-t curve to control 
the ceramic fiber heaters because they use radiation to directly heat the exposed surfaces of the 
structural members. Therefore, the T-t responses of the exposed surfaces of structural members 
subjected to standard (E119) heating were computed analytically, and used as the target T-t curves 
to control the radiant heating equipment. The T-t responses of the exposed surfaces were computed 
using a finite difference method analysis of the heat balance equations and were verified using 
experimental measurements by the authors (Hong and Varma 2009, 2010). The heat transfer 
analysis was conducted using in-house software, which implemented the finite different method to 
solve the heat balance equations numerically. Details of the numerical approach are presented in 
Hong and Varma (2010) and not repeated here for brevity. The computed surface T-t curves were 
used as the target T-t curves for controlling the radiant heating equipment. 

The temperature control network for each heater consists of four elements, namely, a 
temperature controller, a power controller, a heating unit, and a temperature sensor. The 
temperature sensor was a K-type thermocouple that was attached to the exterior surface of the 
member being heated. The other end of the thermocouple was connected to the analog input 
terminal on the temperature controller. The power controller was connected to the output terminal 
of the temperature controller, and the heating unit (ceramic fiber radiant heater) was connected to 
the power controller. The target T-t curve for the exposed surface was divided into sixteen small 
steps and input to the temperature controller using ramp time functions. The temperature controller 
monitors the thermocouple and determines whether the power controller needs to be switched on 
or off to achieve the target T-t curve on the exposed surface. The power controller is attached to 
the heating units, which switch the heating on or off depending on the power controller. Several 
thermocouples were used to measure the surface T-t responses, and those for various points in the 
member cross-sections. 

 
4.2 Beam-column experiments 
 
The focus was on conducting short beam-column tests to determine the fundamental 

moment-curvature (M-ϕ) response of the anticipated plastic hinge region subjected to combined 
axial load, flexural loading, and elevated temperatures from fire loading. The beam-column 
specimens were fixed at the base and free at the top. The heating was applied to the base of the 
beam-column specimen in the anticipated plastic hinge region. 

The heating was applied using the same ceramic fiber radiant heaters and temperature control 
network as the heat transfer experiments. It was controlled to simulate the effects of standard 
(E119) fire loading on the exposed surfaces as described earlier. After a specific time of heating 
(e.g., 1-2 hours), lateral loading was applied monotonically to the top of the specimen. The 
moment-curvature (M-ϕ) behavior of the plastic hinge at the base of the beam-column subjected to 
constant axial load, heating, and monotonically increasing flexural loading was measured using 
digital cameras and close-range photogrammetry described in Hong (2007) and Choe et al. (2011), 
and summarized briefly here. 

 
4.3 Measuring deformations at elevated temperatures 
 
Traditional voltage based sensors could not be used to measure the deformations of the heated 

plastic hinge region due to the elevated temperatures. Two-dimensional digital imaging was used 
instead to measure the longitudinal and transverse displacements of target points (or regions) 
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located in the plastic hinge region of the beam-column base. These measurements were then used 
to compute the deformations and curvature of the heated plastic hinge region. 

A set of high quality grayscale digital cameras that were specially designed for close-range 
photogrammetry applications were used to capture digital images of each of the target regions. The 
focal length of the digital cameras was set at 450 mm, and they were installed perpendicular to the 
target regions such that the effects of lens distortion were negligible. After installation, a specially 
designed pre-dimensioned grid image was used to calibrate the pixel size in the target region as 
described in Hong (2007). A reference image consisting of four small white circles (dots) on black 
steel background was made in each of the target regions. 

The Labview-vision module was used to control and acquire image data from the digital 
cameras. Prior to starting the test, the target region images were acquired and the reference images 
were identified. During the test, the Labview vision module was used to trigger the cameras at 
every second, and the acquired images were stored in the data acquisition computer via a frame 
grabber board. After completing the test, the digital image correlation (DIC) program in the 
Labview-vision module was used to locate and track the pre-selected reference image in the 
acquired target region images using pattern matching (Selden 2010). The displacement of the 
reference image in these sequentially acquired images was calculated using pattern matching and 
the pixel size calibration done earlier. Thus, the DIC post-processing results included the 
horizontal (X) and vertical (Y) displacements of the reference images in each of the corresponding 
target regions. Additional details and the calibration and verification of this process for measuring 
deformations at elevated temperatures are presented in Hong (2007) and Selden (2010). 

 
 

5. CFT Heat transfer test results 
 
5.1 Test Setup, Matrix, and Instrumentation Layout 
 
Fig. 1(a) shows a picture of the test-setup for conducting the heat transfer tests on CFT 

members. As shown, ceramic fiber heaters were placed on each of the four sides of the CFT 
member. The heaters were individually controlled to subject the sides of the CFT members to 
thermal loading. The target T-t curves for the exposed surfaces of the members were based on 
those calculated using the finite difference method shown in Hong and Varma (2009). 

Table 1 summarizes the test matrix for the heat transfer tests. The specimen nomenclature 
consists of the tube size in inches, tube width-to-thickness (b/t) ratio, concrete strength (f’c) in ksi, 
and fireproofing thickness in inches. All the specimens were made from 305 × 305 × 9.5 mm (12 × 
12 × 3/8 in.) steel tubes made from ASTM A500 Grade-B steel. The details of the concrete mix 
proportion are reported in Hong (2007). The concrete mix was made using crushed limestone 
(carbonate) aggregate. Table 1 includes the measured moisture content of the concrete on the day 
of test. The relative humidity was not measured. Specimens 1 and 2 were filled with 4 ksi (27 
MPa) nominal compressive strength concrete, and Specimens 3 and 4 were filled with 9 ksi (62 
MPa) nominal compressive strength concrete. The corresponding measured compressive strengths 
on the day of the tests are shown in Table 1. 

Gypsum plaster (Gold Bond Gypsolite plaster) was used as the fire proofing material for this 
research. Metal lath was first placed around the steel tube of the CFT members. After the metal 
lath was secured, gypsum plaster was mixed according to the manufacturer recommendations, and 
placed on the metal lath using hand-finishing trowels. The gypsum plaster thickness was 
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monitored carefully during application. As shown in Table 1, two different gypsum plaster 
thickness were considered. Specimens 1 and 4 had plaster thickness of 13 mm (1/2 in.), and 
Specimens 2 and 3 had plaster thickness of 6.4 mm (1/4 in.). 
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Fig. 1 Heat transfer test setup and results: (a) photograph; (b) instrumentation; (c) specified and 
measured T-t curves for Specimen 1; and (d) Specimen 2 

 
 
Table 1 Test matrix for CFT heat transfer specimens 

Specimen 
No. 

Specimen ID 
Tube Size 

(mm × mm)

Concrete f’c 
(MPa)  

(nominal) 

Concrete f’c (MPa)
(measured on  
day of test) 

Gypsum  
thickness  

(mm) 

Moisture 
content (%)

1 CFT-12-34-4-1/2 305 × 9.5 27 41.4 13 7 

2 CFT-12-34-4-1/4 305 × 9.5 27 41.4 6.4 7 

3 CFT-12-34-9-1/4 305 × 9.5 62 68.9 6.4 4 

4 CFT-12-34-9-1/2 305 × 9.5 62 68.9 13 4 
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All the heat transfer tests were conducted on CFT columns with gypsum plaster because the 
fire protection of exposed steel is recommended in the U.S. Earlier studies (Varma, Srisa-ard, and 
Hong 2004) had also indicated that the bare steel tube heats up very rapidly, while the concrete 
infill remains relatively cold. This reduces the flexural capacity very quickly because it depends on 
the tension contribution of the heated steel tube. The flexural capacities of bare steel and fire 
protected steel CFT columns are comparable depending on the temperature of the steel tube; 
however, the heating time for bare steel CFT columns can be very short. Fire protection of CFT 
beam-columns is recommended because of this reason. 

Fig. 1(b) shows the instrumentation layout for the heat transfer tests. As shown, on each side of 
the CFT member, thermocouples were attached to the exterior surfaces of the gypsum plaster and 
the steel tube under the gypsum plaster. These thermocouples were centered about the heating area. 
Additionally, thermocouples were embedded in the concrete infill to measure temperatures at 25, 
50, 75, and 100 mm depth. The concrete infill temperatures were measured at the middle and top 
planes of the heating area. 

Thermocouple installation is explained in detail in Hong (2007). Small (6 mm) diameter holes 
were drilled on all four sides of the steel tube for thermocouple installation prior to concrete 
placement. Heat-shrink tubes were placed on the bare thermocouple wires in order to provide 
protective insulation for electrical interference from the steel tube and water in the concrete. 
Concrete was slowly placed to minimize shifting of thermocouples inside the steel tubes. Although 
extra care was taken, some of embedded thermocouples may have shifted slightly during concrete 
casting. 

 
5.2 Test results and comparisons 
 
Figs. 1(c)-(d) show comparisons of the specified target T-t curves and the measured T-t curves 

on the exposed surfaces of Specimens 1 and 2 with gypsum plaster thicknesses of 13 and 6.4 mm, 
respectively. These comparisons are typical and similar to those obtained for all other tests. They 
show that the specified and measured T-t curves are almost identical, which demonstrates the 
efficiency of the heating units and temperature control. 

Fig. 2(a) shows the T-t curves measured on the surfaces of the steel tube of Specimen 1 (with 
13 mm gypsum plaster). The measured steel temperatures were about 390°C at the middle plane 
after three hours of heating and about 260°C at the top plane. The variations in the measured steel 
surface T-t responses are very small. The heat loss at the top planes is due to the limitation of 
heating arrangement and the type of heaters used in the test. Although flat heaters were used, they 
were not in contact with the specimen surfaces to prevent electrical (safety) hazards associated 
with metal thermocouples contacting the hot electrical elements. The small gap between the 
heaters and the specimen caused some heat loss from the top. 

Fig. 2(b) shows the measured T-t curves for the concrete infill at various depths (25, 75, and 
100 mm). The concrete temperatures at the middle plane were higher than the temperatures at the 
top plane, because some of the heat is lost to the unheated sections above. Additional temperature 
measurements and T-t responses are provided in Hong (2007). The measured T-t responses for 
Specimen 4, which had the same gypsum plaster thickness (13 mm) but slightly higher concrete 
strength (f ′c = 68.9 MPa), were similar to those shown in Figs. 2(a)-(b). The results for Specimen 3 
are included in Hong (2007), and not presented here for brevity. 

Fig. 2(c) shows the T-t curves measured on the steel tube surfaces of Specimen 3 (with 6.4 mm 
thickness gypsum plaster). The measured steel temperatures were about 580°C at the middle plane 
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after three hours of heating and about 420°C at the top plane. The variations in the measured steel 
surface T-t responses are very small. Fig. 2(d) shows the measured T-t curves for the concrete infill 
at various depths (25, 75, and 100 mm). The concrete temperatures at the middle plane were higher 
than the temperatures at the top plane, because some of the heat is lost the unheated sections above. 
Additional temperature measurements and T-t responses of the steel tubes and their comparisons 
are provided in Hong (2007). The measured T-t responses for Specimen 2, which had the same 
gypsum plaster thickness (6.4 mm) but slightly lower concrete strength (f ′c = 41.4 MPa), were 
similar to those shown in Figs. 2(c)-(d). The results for Specimen 2 are included in Hong (2007), 
and not presented here for brevity. 

The heat transfer test results (T-t curves) were compared with each other to evaluate the effects 
of concrete strength and fireproofing thickness on the thermal response of CFT specimens. These 
comparisons are detailed in Hong (2007) and summarized briefly here. The steel tube surface and 
the concrete infill T-t curves for Specimens 1 and 2 (with 13 mm gypsum plaster but different 
concrete strengths) were quite similar to each other. Similarly, the steel tube surface and concrete 
infill T-t curves for Specimens 3 and 4 (with 6.4 mm gypsum plaster but different concrete 
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Fig. 2 Heat transfer test results: (a) steel T-t curves for Specimen 1; (b) concrete T-t curves for 
Specimen 1; (c) steel T-t curves for Specimen 3; (d) concrete T-t curves for Specimen 3 
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strengths) were also quite similar to each other. Different concrete strengths (f ′c = 41.4 or 68.9 
MPa) do not seem to have a significant influence on the thermal response of the CFT specimens. It 
is important to note that both of these were normal-weight concrete mixes with very similar 
aggregates. 

The steel tube surface and the concrete infill T-t curves for Specimens 1 and 2 (with same 
concrete strength f ′c = 41.4 MPa but different gypsum plaster thickness) were quite different. 
Similarly, the steel tube surface and the concrete infill T-t curves for Specimens 3 and 4 (with 
same concrete strength f ′c = 68.9 MPa but different gypsum plaster thickness) were also quite 
different. As expected thinner fireproofing material yields higher temperatures on the steel 
surfaces and inside the concrete infill, while thicker fireproofing yields lower temperatures on the 
steel surfaces and inside the concrete infill. 
 
 
6. CFT beam-column tests 

 
6.1 Test setup, matrix, and materials 
 
Fig. 3 shows a photograph of the test setup used for subjecting CFT beam-column specimens to 

combined axial, flexural, and thermal loading as follows. The total length of the CFT specimens 
was 2.45 m. The bottom 0.6 m of the specimen length was post-tensioned to two concrete blocks, 
which were then post-tensioned to the laboratory strong floor. This provided a fixed boundary 
condition at the base of the CFT specimens. 

The CFT specimens were subjected to axial loading at the top using a specially designed axial 
loading arrangement consisting of a 4500 kN capacity hydraulic ram, loading beam, two threaded 
rods and pin and clevis arrangement. As shown in Fig. 3, the hydraulic ram was placed on the top 
of the CFT beam-column specimen. The loading beam was placed on top of the ram, and was 
supported by two axial tension rods, which were anchored to the laboratory strong floor through a 
steel built-up section and pin-and-clevis type connection. The axial loading arrangement was free 
to rotate about the specimen base. The axial load (P) was applied along the chord of the laterally 
displaced shape of the CFT specimen, and maintained constant for the rest of the test. Additional 
descriptions and photographs of the test setup are provided in Hong (2007), and not included here 
for brevity. 

Thermal loading (simulating the heating effects of standard E119 fire loading) was applied to 
the 0.3 m long base segment of the CFT specimen just above the concrete blocks. This base 
segment was the anticipated maximum moment and plastic hinge region. It was fire protected 
using gypsum plaster (6.4 mm thickness on metal lath) similar to the heat transfer specimens. The 
thermal loading was applied using the same heating and control equipment described in the heat 
transfer testing earlier. 

Monotonically increasing lateral loading (H) was applied to the top of the specimen (at 0.15 m 
from the free end) after heating. The lateral loading was applied using a 900-kN capacity hydraulic 
ram that was attached to the laboratory reaction wall. Thus, the 1.65 m test length of the CFT 
specimen was subjected to constant axial loading, heating in the anticipated plastic hinge region, 
and monotonically increasing lateral loading. 

Fig. 4(a) shows the free body diagram of the test length of the beam-column specimen. As 
shown, the plastic hinge region at the base of the specimen was subjected to bending moment (M) 
calculated as the product of the applied lateral load (H) and the test length (L) without any second- 
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Fig. 3 Photograph of test setup for CFT beam-column experiments 

 
 
order (PΔ or Pδ) moments. The axial force at the column base was equal to Pcosθ, where θ was 
the chord rotation of the test length. The reduction in axial force was less than 1% for chord 
rotations (θ) up to 8-degrees and lateral displacement (Δ) at the top up to 0.14 L (235 mm). As 
shown later the maximum lateral displacements during the tests were less than 235 mm. The 
applied axial force (P) was maintained constant throughout the test using electronic control of the 
hydraulic valves and pump. 

Table 2 shows the test matrix for the square CFT beam-column specimens subjected to 
combined structural and thermal loading. The parameters included in these tests were the section 
size (b = 254 or 305 mm), tube width-to-thickness ratio (b/t = 34 or 42), concrete strength (f ′c = 48 
or 69 MPa), and heating duration (1h or 2h). The specimen nomenclature in Table 2 consists of the 
specimen width in inches, tube b/t ratio, axial load level (P/Po) in percent, measured concrete 
strength (f ′c) in ksi, and the duration of heating. For example, CFT-10-34-15-7-1h is a CFT 
specimen with 10 in. (305 mm) square steel tube with b/t ratio equal to 34, axial load level equal to 
15%, measured concrete strength equal to 7 ksi (48 MPa), and 1 hour of heating. 

As shown in Table 2, three CFT beam-column specimens were tested at ambient temperatures. 
These tests provided control (base-line) data for evaluating the effects of elevated temperatures on 
behavior and for verifying analytical models at ambient temperatures. Ten CFT beam-column 
specimens were tested at elevated temperatures. After 1 hour of heating, the steel surface 
temperature was about 300°C. After 2 hours of heating, the steel surface temperature was close to 
500°C. The specimen with no fire protection was heated for 30 minutes to achieve a surface 
temperature of about 535°C. 

The CFT beam-columns specimens were made using commercially available steel tubes and 
ready mix concrete. All the specimens of the same type (width b and b/t ratio) were made from 
A500 Grade-B hollow structural shapes (HSS) manufactured from the same heat. Thus, there were 
four different A500 Grade-B steel heats corresponding to the four CFT specimen geometries that 
make up the complete test matrix of 13 specimens. Five uniaxial tension coupons were cut out
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Fig. 4 Instrumentation layout for CFT beam-column specimens 
 
 
 
from the sides of each steel tube type and tested according to ASTM E8 to determine mechanical 
properties and the stress-strain curves. The results from these uniaxial tension tests are presented 
in detail in Hong (2007). Table 2 includes the averaged yield stress for the four steel tube types. 

Two different concrete strengths were used in the experimental investigations. All the CFT 
beam-columns specimens with the same concrete strength were filled with concrete from the same 
mix batch. Concrete cylinders were cast and tested to determine the 28-day compressive strengths 
and the compressive strength prior to the day of test. The averaged measured compressive 
strengths prior to the day of test are included in Table 2. 
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specimens 

Fig. 5 Photograph of digital imaging and heating system 

 
 

6.2 Instrumentation and deformation measurements 
 
Fig. 4(b) shows the instrumentation layout for the CFT beam-column specimens. The lateral 

displacements and axial shortening of the specimen were measured using displacement transducers 
placed along the length and at the top. The rotations of the axial tension rods, which represented 
the chord rotation of the specimen, were measured using rotation meters placed on the clevis. 
Longitudinal strain gages were placed close to the top of the specimen. These were used to check 
the axial load alignment. Fig. 4(b) includes the thermocouple layout for the beam-column 
specimens. As shown, temperatures were measured on the gypsum plaster surface, steel tube 
surfaces, and the locations inside the concrete infill. Temperatures were measured at the middle 
and top planes of the heating region. 

The deformations and curvature of the plastic hinge at the base were measured using the digital 
imaging system presented earlier. Fig. 5 shows a photograph of the digital imaging and heating 
system, and Fig. 6 shows the locations of the target points for the CFT beam-column tests. As 
shown in Fig. 6, six target points were defined on the surface of web plates above and below the 
heaters (i.e., outside of the heated zone). During the test, digital cameras were used to monitor the 
entire path of moving target points. The experiments were terminated when targets were not 
visible due to a large base rotation of the specimen. The heaters eventually covered the targets 
when the lateral displacement at the top of the specimen reached about 160 mm as shown in Fig. 
7(c). The lateral displacements in Fig. 7(c) were measured using linear displacement transducers. 
Fig. 7(d) shows an example of the measured moment-curvature behavior of the CFT specimen, 
where the curvature of the plastic hinge was obtained using the digital imaging system and the 
moment was calculated using the applied lateral load (H) and distance to the center of the plastic 
hinge. 

To calculate the curvature and the average strains, the displacements over the heated zone were 
measured under the following conditions. Digital cameras were perpendicular to the point and the 
plane of movement. The distance between the target point and the digital cameras was 450 mm. 
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Fig. 6 Schematic of digital imaging camera layout 

 
 
 
During the experiment, images were acquired every second, and the digital image correlation 
(DIC) program in the Labview-vision was used to determine the displacements (ui and vi) of each 
target point in the lateral and longitudinal directions. The longitudinal displacements (vi) were used 
to estimate the average longitudinal strains εavg-i using Eqs. (1)-(3), and the average curvature (ϕ) 
of the plastic hinge region using Eq. (4). 

6,3

63
1 d

vv
avg


                                (1) 

5,2

52
2 d

vv
avg


                               (2) 

4,1

41
3 d

vv
avg


                               (3) 

3,1

31

l
avgavg  




                              (4) 

In Eqs. (1)-(4), di,j is distance between top and bottom rows of target points, and l1,3 is the 
lateral distance between digital imaging points 1 and 3. 

Conventional voltage-based sensors (e.g., rotation meters, strain gauges, and displacement 
transducers) were also used to measure the deformations of the unheated plastic hinge regions in 
the three ambient CFT beam-column specimens. The results from these measurements were 
compared to verify the deformations measurements using the digital imaging system. These 
comparisons are presented in detail in Hong (2007), and not repeated here for brevity. 
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7. CFT beam-column test results 
 
The experimental results from the CFT beam-column tests include the thermal (T-t) responses 

of the steel tube and locations inside the concrete infill, the lateral load-displacement response of 
the CFT specimen, and the moment-curvature response of the plastic hinge region at the base of 
the specimens. For example, the experimental behavior and results for Specimen 7, i.e., 
CFT-10-34-15-7-2h is presented as follows. The behavior of the remaining specimens was very 
similar to that presented in the following sub-section. 

 
7.1 Behavior and results for specimen CFT-10-34-30-7-2h 
 
The geometric and material parameters for Specimen CFT-10-34-15-7-2h were provided in 

Table 2. The specimen was subjected to axial load equal to 1624 kN, which is approximately 34% 
of the section axial load capacity (Po). The concentricity of the axial load was verified using four 
longitudinal strain gages that were distributed around the steel tube cross-section (i.e., one on each 
side). The specimen was subjected to thermal loading for 2 hours till the steel surface temperature 
underneath the gypsum plaster reached about 500°C. Steam and water emanated from the base of 
the specimen and from the vent holes in the specimen due to the evaporation of moisture from 
concrete. After heating, the specimen was subjected to the monotonically increasing lateral loading 
at the top. 

Fig. 7(a) shows the measured gypsum and steel surface T-t curves. Fig. 7(b) shows some of the 
measured concrete infill temperatures. The specified and measured gypsum (exposed) surface T-t 
curves were almost identical. The gypsum surface temperatures on all sides of the base segment 
were about 980°C after two-hours of heating. The measured steel surface temperatures at the 
middle plane of the base segment were about 500°C. The measured concrete temperatures at the 
middle plane of the base section are about 290, 175, and 160°C at 50, 75, and 100 mm depth. The 
measured temperatures of the concrete infill at the top plane were similar but marginally higher 
than the measured temperature at the middle plane. This was probably because the thermocouples 
in the top plane had moved (bent down) slightly during concrete casting. Since the concrete 
temperatures have a significant gradient, small shifts can produce large variations in temperature. 

Fig. 7(c) shows the measured lateral force-lateral displacement response of the specimen at the 
top. The lateral displacement plotted in the figure was measured 1.5 m above the fixed base. The 
specimen reached its lateral load capacity of approximately 102 kN at a lateral displacement of 
about 25 mm. The specimen maintained its lateral capacity with increasing displacements. Fig. 
7(d) shows the measured moment-curvature (M-ϕ) response of the plastic failure segment of the 
specimen. The figure includes the graphical definition of moment capacity (Mu) for the specimen, 
which was equal to 165 kN-m. Table 2 includes the Mu value for the specimen, and its comparison 
with MEC4, which is the ambient moment capacity of the specimen calculated using Eurocode 4 
(ECS 2004) provisions. The comparison in Table 2 shows that at elevated temperatures, the 
moment capacity (Mu) decreased to about 57% of the ambient moment capacity (MEC4). 

The flexural stiffness (EIsec) of the specimen was computed as the secant slope of the 
experimental M-ϕ curve corresponding to the moment value of 0.6Mu. The moment value of 0.6Mu 
was used because the corresponding section flexural stiffness (EIsec) will be used in the design or 
analysis process along with the estimated moment capacity at elevated temperatures. Table 2 
includes the EIsec value calculated for the specimen and its comparison with EIcr-tr, which is the 
cracked transformed moment of inertia corresponding to 0.6MEC4, where MEC4 is the estimated 
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Fig. 7 Experimental results for specimen CFT10-34-30-7-2h: (a) gypsum and steel surface T-t curves; 
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response; (e) deformed shape at end of test; (f) local buckling in plastic hinge region; (g) 
concrete crushing in plastic hinge region 
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ambient moment capacity. The comparison in Table 2 indicates that that at elevated temperatures, 
the flexural stiffness (EIsec) decreased to about 38% of EIcr-tr. 

Fig. 7(e) shows the overall deformed shape of the specimen at the end of the test. Fig. 7(f) 
shows the local buckling of the steel tube in the heated plastic hinge region. This local buckling 
was observed at the end of the test upon removal of the radiant heaters. The steel tube was 
removed to further inspect the concrete infill in the heated plastic hinge region of the specimen. 
Fig. 7(g) shows the extensive crushing of the concrete infill in the plastic hinge region of the 
specimen underneath the locally buckled steel tube. The local failures shown in Figs. 7(f)-(g) are 
very similar to those of ambient specimens with the exception that the concrete in the plastic hinge 
regions was very dry. 
 

7.2 Summary of experimental results 
 
The behavior of all the heated CFT beam-column specimens was similar to that described 

above for Specimen CFT-10-34-15-7-2h. All the specimens failed with the formation of local 
buckling and concrete crushing in the plastic hinge regions as shown in Figs. 7(e)-(g). The 
experimental results including: (1) the measured T-t responses for the gypsum plaster, steel tube 
surfaces, and points inside the concrete infill; (2) the measured lateral load-lateral displacement 
responses; (3) the lateral displacement profiles at different load values; and (4) the moment- 
curvature (M-ϕ) responses for the plastic hinge regions were obtained for all the tested specimens. 
These results and the experimental behavior for all beam-column specimens are presented in detail 
in Hong (2007) and not discussed here for brevity. 

Figs. 8(a)-(c) show the moment-curvature (M-ϕ) responses of the plastic hinge regions of all the 
tested specimens. The values of curvature in Fig. 8 were calculated using the displacements 
measured using the digital imaging system and Eqs. (1)-(4). The specimen numbers identified in 
 
 
 

(a) 

Fig. 8 Measured moment-curvature (M-ϕ) responses for specimens: (a) Specimens 1, 4, 5, 6, 7; 
(b) Specimens 2, 8, 9; and (c) Specimens 10, 11, 12, 13 listed in Table 1 
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(b) 

(c) 

Fig. 8 Continued 

 
 
Figs. 8(a)-(c) are in accordance with the specimen numbers in Table 2. Fig. 8(a) presents the M-ϕ 
responses for Specimens 1, 4, 5, 6, and 7. These specimens have the same steel tube width of 254 
mm, width-to-thickness ratio of 34, and concrete infill strength of 48 MPa. They were subjected to 
different axial load levels and heating (steel surface temperatures). Fig. 8(b) presents the M-ϕ 
responses for Specimens 2, 8, and 9. These specimens have the same tube width of 254 mm, 
width-to-thickness ratio of 34, and concrete infill strength of 69 MPa. They were subjected to the 
same heating, but different axial load levels. Fig. 8(c) shows the M-ϕ responses for Specimens 10, 
11, 12, and 13. These specimens have different sizes, b/t ratios, but the same concrete infill 
strength of 48 MPa and heating duration of 2 hours. 

Table 2 includes the experimental results for all the CFT beam-column specimens including the 
moment capacities (Mu) and the secant flexural stiffness (EIsec). The Table also includes the 
moment capacities (Mu) normalized with respect to the computed ambient moment capacities 
(MEC4), and EIsec normalized with respect to the cracked transformed moment of inertia (EIcr-tr) 
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corresponding to 0.6MEC4. The results and comparisons in Table 2 show that the moment 
capacities (Mu) of ambient Specimens (1-3) are predicted conservatively using Eurocode 4 
provisions. Elevated temperatures reduce the moment capacity (Mu) to 55-90% of the ambient 
moment capacity (MEC4). Elevated temperatures also reduce the secant flexural stiffness (EIsec) to 
31-66% of the cracked transformed moment of inertia (EIcr-tr). 

 
7.3 Effects of parameters on strength and stiffness 
 
The experimental results were used to evaluate the effects of various parameters, namely, the 

axial load level (P/Po), concrete strength (f ′c), tube width (b), width-to-thickness (b/t) ratio, and 
steel surface temperature (Ts) on the moment capacity (Mu) and the secant flexural stiffness (EIsec) 
of the CFT beam-column specimens. Fig. 9 shows variations of Mu/MEC4, i.e., the normalized 
moment capacity, with respect to the axial load level (P/Po), concrete strength (f’c), tube b/t ratio, 
and steel surface temperature (Ts). Similarly, Fig. 10 shows variations of EIsec/EIcr-tr, i.e., the 
normalized flexural stiffness, with respect to the axial load level (P/Po), concrete strength (f ′c), 
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Fig. 9 Effects of various parameters on normalized moment capacity (Mu/MEC4) of CFT beam-column 
specimens: (a) axial load level; (b) concrete strength; (c) tube b/t ratio; (d) steel surface 
temperature 
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tube b/t ratio, and steel surface temperature (Ts). 
In Figs. 9-10, the normalized Mu/MEC4 and EIsec/EItr for the ambient Specimens (1-3) are limited 

to 1.0 (instead of the computed values in Table 4) because the focus was on the effects of 
parameters on the behavior of heated specimens, and only a few limited ambient specimens were 
tested. Ambient specimens corresponding to each of the heated specimens (i.e., the same axial load 
level, b, b/t ratio, f ′c) were not tested because the ambient behavior of CFT beam-columns is well 
known, and the Eurocode 4 provisions for computing their moment capacities are widely accepted 
(Varma et al. 2002). 

Fig. 9(a) shows the normalized moment capacity (Mu/MEC4) with respect to the axial load level 
(P/Po in percent). As shown, the decrease in Mu/MEC4 depends mostly on the heating duration (or 
the steel surface temperature achieved Ts); and for the same heating duration, the decrease is 
slightly greater for the specimens with the higher axial load level (P/Po). Fig. 9(b) shows that the 
decrease in Mu/MEC4 does not depend significantly on the concrete strength. Fig. 9(c) shows that 
the decrease in Mu/MEC4 does not depend significantly on the tube width-to-thickness (b/t) ratio. A 
similar plot of Mu/MEC4 with respect to the tube width (not shown here) shows that the decrease in 
Mu/MEC4 does not depend significantly on the tube width (b) or width-to-thickness (b/t) ratio. 

Fig. 9(d) shows the strong correlation between the normalized moment capacity (Mu/MEC4) and 
the steel surface temperature (Ts). It includes the data for CFT Specimen 13 with unprotected or 
exposed steel tube, which fits in quite well with the rest of the data. Eq. (5) was obtained by 
performing a regression analysis to establish the relationship between Mu/MEC4 and Ts. Eq. (5) had 
an R-squared value of 0.95, which implies that Mu/MEC4 is governed strongly by the steel surface 
temperature (Ts). The figure distinguishes between specimens with 15% and 30% axial load. It 
illustrates that the axial load level is the other parameter that has a slight influence on the 
normalized moment capacity. Fig. 9(d) further illustrates that the normalized moment capacity 
does not depend on the width (b) or b/t ratio. 

9961.00002.0)(062/ 2
4  ssECu TTEMM                   (5) 

Fig. 10(a) shows the normalized flexural stiffness (EIsec/ETcr-tr) with respect to the axial load 
level (P/Po in percent). As shown, the decrease in the normalized flexural stiffness depends mostly 
on the heating duration (steel surface temperature achieved Ts) and not on the axial load level. Fig. 
10(b) shows that the decrease in EIsec/EIcr-tr depends slightly on the concrete strength. This 
decrease is slightly greater for the specimens with the higher concrete strength, especially at the 
lower axial load level of 15%. Fig. 10(c) shows that the decrease in EIsec/EIcr-tr does not depend 
significantly on the tube width-to-thickness (b/t) ratio. A similar plot of EIsec/EIcr-tr with respect to 
the tube width (not shown here) shows that the decrease in the normalized flexural stiffness does 
not depend significantly on the tube width (b). 

Fig. 10(d) shows the strong linear correlation between the normalized flexural stiffness 
(EIsec/EIcr-tr) and the steel surface temperature (Ts). The figure includes the data for CFT specimen 
13 with unprotected or exposed steel tube, which also fits in quite well with the rest of the data. Eq. 
(6) was obtained by performing a regression analysis to establish the relationship between 
EIsec/EIcr-tr and Ts. Eq. (6) has a R-squared value of 0.98, which implies that EIsec/EIcr-tr is governed 
mostly by the steel surface temperature (Ts), and does not depend significantly on other parameters. 

0235.10013.0/sec  strcr TEIEI                        (6) 
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Fig. 10 Effects of various parameters on normalized flexural stiffness (EIsec/EIcr-tr) of CFT beam- 
column specimens: (a) axial load level; (b) concrete strength; (c) tube b/t ratio; (d) steel 
surface temperature 

 
 
 
8. Conclusions 

 
This paper presented a new experimental approach to determine the fundamental thermal and 

structural behavior of structural members subjected to elevated temperatures from fire loading. 
The experimental approach involved the use of innovative heating and control equipment that can 
be combined with hydraulic loading equipment in a laboratory environment to conduct combined 
heating and structural loading tests. The equipment uses radiation-based heaters that can be 
assembled around the test specimen, and controlled to subject the exposed structural surfaces to 
target T-t curves. 

The experimental approach also involved the use of close range photogrammetry and digital 
image correlation to measure the deformations of heated portions of the structural member. 
Traditional voltage based sensors cannot be used easily to measure the deformations of structural 
members subjected to fire loading. Therefore, a non-contact digital image correlation technique 
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was calibrated and used to measure the deformations of target points in the heated regions of the 
structural member. 

The experimental approach was used to determine the fundamental moment-curvature (M-ϕ) 
behavior of CFT beam-column members subjected to elevated temperatures from fire loading, and 
to evaluate the effects of various parameters (axial load level, tube width, width-to-thickness ratio, 
and concrete strength) on their strength and stiffness at elevated temperatures. Thirteen CFT 
beam-column specimens were tested by subjecting them to constant axial loading (15-30% of 
capacity), heating for 1-2 hours simulating the E119 T-t curve in the anticipated plastic hinge 
region, and monotonically increasing lateral loading. 

The experimental results for each CFT beam-column specimen included the T-t responses of 
the steel tubes and points inside the concrete infill, overall lateral load-displacement response, 
moment-curvature response of the plastic hinge region, moment capacity (Mu) and flexural 
stiffness (EIsec) corresponding to 0.6Mu. These experimental results provide knowledge of the 
fundamental behavior of CFT members subjected to elevated temperatures from fire loading, and 
can be used to verify new or existing analytical models for predicting the behavior of CFT 
members (beam-columns or columns) under fire loading (e.g., Agarwal and Varma (2011), Hong 
and Varma (2009, 2010)). 

The experimental moment capacities (Mu) and flexural stiffness (EIsec) were normalized with 
respect to the estimated ambient moment capacity (MEC4) and flexural stiffness (EIcr-tr) based on 
the cracked transformed moment of inertia corresponding to 0.6MEC4, respectively. These 
normalized moment capacities (Mu/MEC4) and flexural stiffness (EIsec/EIcr-tr) were used to evaluate 
the effects of parameters included in the experimental investigations. These evaluations indicate 
that within the range of parameters included in the tests, the normalized moment capacity 
(Mu/MEC4) and flexural stiffness (EIsec/EIcr-tr) depend primarily on the steel surface temperature (Ts). 
The other parameters (axial load level and concrete strength) have a small influence on Mu/MEC4 
and EIsec/EIcr-tr, and the tube width and width-to-thickness ratio seem to have almost no influence. 

Regression analysis of the test results was used to develop equations relating the normalized 
moment capacity (Mu/MEC4) and flexural stiffness (EIsec/EIcr-tr) to the steel surface temperature (Ts). 
These equations can be used to estimate the flexural stiffness and moment capacity of CFT 
beam-columns subjected to elevated temperatures from fire loading. They can also be used to 
develop a simple bilinear (elastic-perfectly plastic) model of the moment-curvature behavior of 
CFT beam-column specimens at elevated temperatures. 

The experimental approach presented in this paper can be used to conduct similar research and 
develop knowledge of the fundamental behavior of other structural members subjected to fire 
loading(e.g., Choe et al. (2011)). 
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