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ABSTRACT 

This paper describes a simple hybrid approach for estimating fire-resistance of steel 
columns within a building frame. This approach includes the effects of the structural 
system and thermal expansion phenomenon. In this technique, a steel column is tested 
in fire in a furnace while the structural system is modeled using computer software.  
Response of the steel column from the fire test and response of the structural system 
from the analysis are coupled according to the compatibility and equilibrium condition 
using a sub-structuring method. A real time interaction is implemented between the 
structural system response and the steel column response. Two analytical approaches 
are described in this report for evaluation of the structural system response; a simplified 
method and a full-structural analysis. In the first method, the entire frame is simplified 
into a single equivalent spring coupled with the column. The spring is an analytical 
model which is defined in the form of a load-displacement curve. The column specimen 
is then exposed to fire using a column furnace test facility and loaded according to the 
obtained load-displacement curve. The second method uses structural analysis 
software to determine the load-displacement relation. More efforts were extended to the 
simplified method in this study, since it is more applicable for practice. Frames with 
differing numbers of stories and heights were selected for the analysis. A comparison 
was undertaken between the results of the simplified method and that of the full-
analysis approach resulting in a consistent agreement. This research report provides 
the theoretical concept and formulation of the simple hybrid test approach. Before 
application in practice, the model should be verified through a future experimental 
program. 
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1. INTRODUCTION  

Fire safety design of buildings based on their performance requires assessment and 
testing of structural elements including the structural system response. The traditional 
single-element-based fire resistance assessment method needs to be upgraded to a 
multi-element-based method to include fire performance of the entire structure system. 
This research report explores a new, simple, experimental technique to test the fire 
resistance of a steel column with consideration of the effects from the structural 
systems. Components of interaction between a steel column and the surrounding 
structure include the column’s end deformations and loads. A similar approach was 
developed previously for fire resistance testing of reinforced concrete columns 
(Mostafaei and Mannarino 2009). This report describes a similar method applied to the 
fire resistance testing of steel columns. 

 

2. TEST METHODOLOGY  

Figure 1 illustrates the main tools employed in applying the new test technique. It 
includes computer software, or a simplified calculation, and a structural furnace test 
facility; in this case it is the column furnace facility at the National Research Council 
(NRC). The analytical tools model the entire structure to determine the restraint 
conditions of the column specimen. The column specimen is assumed to be the critical 
column in the structure for the worst case fire scenario. 

The column specimen’s boundary conditions are the column axial load, and lateral 
loads at the support. These components are varied during the test according to the 
state of the analytical models. The analytical models are the load-deformation relations 
obtained from the analysis of the entire structure.  

The axial and lateral load-deformation curves are determined according to the axial and 
lateral thermal expansion of the structure. For this study, only the axial load-deformation 
relation is determined by the analytical process. Therefore, the column is fire tested 
under variable axial load. The value of the axial load is determined according to the 
frame stiffness calculated by the analysis. This process can be implemented in real time 
to feed back the test results into the analysis with the new mechanical properties of the 
column obtained from the test.   
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For the analytical tool in Figure 1, there are two methods that can be explored for the 
hybrid test: a full structural analysis method using computer software or a simplified 
method using a hand calculation. The simplified method is relatively easier and more 
practical for this application. This is an approach through which the resistant condition of 
the column support, the axial load-deformation curve, is determined by a simple 
calculation process. 

 

Figure 1 A hybrid testing technique for assessment of fire resistance of columns considering the restraint 

conditions from the structural system. 

Figure 2 illustrates the hybrid test technique for testing of the right corner column of the 
first floor of a 3-bay, 3-story frame.  The main contribution from the frame in this method 
is the frame vertical stiffness in the direction of the test column’s axial thermal 
expansion. When the test column is exposed to fire, it elongates vertically due to 
thermal expansion which results in vertical displacement of the column. A future 
expansion of this method is to include the horizontal component of thermal expansion 
as an extra horizontal spring model on the column.  

When the column is at the ambient temperature, typically it is only under the initial axial 
load Po due to the gravity load.  In order to include the effect of frame restraint, an 
additional deformation-dependent load (kΔ) is added to the initial load Po using 
Equation (1). 
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P=KΔ+ Po                                                                             (1) 

where ∆ is column axial deformation during the fire test; K is the vertical stiffness of the 
frame at the column’s support and Po is the initial applied axial load. The test can be 
implemented with either load or displacement control using Equation (1).  

 

Δ = Column deformation 
during the test 

P=KΔ+ Po 

K 

Δ 
Δ 

Test Column 

Column in Furnace 

 

Figure 2 A simple performance based test technique for fire resistance of columns considering the 

restraint conditions from the structural system.  
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3. MODELING STRUCTURAL SYSTEM STIFFNESS 

 

 
 

Figure 3 Process of determining vertical stiffness of the structural system K by the Full-Analysis method. 

 

Figure 3 illustrates a three story frame when it is detached from the test column. It 
shows the interaction components of load, P, and deformation, Δ, between the frame 
and the test column and the vertical load-deformation, P-Δ, relation. The P-Δ curve is 
the main result obtained from the analysis which will be employed later to control the 
load/deformation of the test column during the test. 

3.1. Full Structural Analysis Method 

This is the full approach through which the entire structure frame is simulated and 
modeled using a structural analysis program. In this study, the SAFIR computer 
program, developed at the University of Liege for the simulation of the behavior of 
building structures subjected to fire, (Franssen, 2007) was used for the analysis.  

As an example, the full analysis method was applied using the SAFIR program for a 
three story frame, frame U1, with material properties provided in Table 1 and Table 2. 
The results are illustrated in Figure 4. The P-Δ curve was obtained by simulating the 
entire frame and exposing only the test column to the ASTM E119 temperature-time 
curve.  

Δ 

P 

Beams resisting to vertical 
deformation Δ and 
contributing in the stiffness K 

Δ

P 

K 

Po 
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Although the P-Δ curve is nonlinear at the large deformations, in most cases, the axial 
deformation of the test column would not exceed the linear part of the P-Δ curve. 
Therefore stiffness K may be considered constant for the duration of the test. This 
provides more stability and makes the load control process of the test easier. If the axial 
deformation exceeds the linear stage of the curve then the nonlinear relation for K is 
used.  

The full analysis method is applicable for the case when the analysis program is 
capable of simulating the response of structures in fire. However, if such a program is 
not available, the designer may employ any structural analysis software used for 
ambient temperature by removing the test column, then applying vertical deformation ∆ 
at the disconnected point and measuring the load reaction P to determine K as 
illustrated in Figure 3. 

 

 

0

20

40

60

80

100

120

140

160

180

200

0 0.005 0.01 0.015 0.02 0.025

P
  (
k
N
)

Δ (m)

K 

Figure 4 P-Δ curve obtained by implementing a full analysis using the SAFI software. 

3.2. The Simplified Method 

An attempt was made to develop a simple analytical process to determine the structure 
vertical stiffness K implemented in hand calculation. In this method, K is determined 
according to Equation (2), derived for a beam with flexible supports. 

ܭ ൌ ∑ ቂቀଵି଴.ହןଵାן ቁ ଵଶாூ௅య ቃ௜௡௜ୀଵ                                                         (2) 
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where n is the number of beams that are resisting against vertical movement of the test 
column. In Figure 3, three beams are resisting vertical movement and are accordingly 
deformed. Therefore, n = 3 for a corner test column, but in case of the middle test 
columns, in the same figure, n = 6; E, I, and L are Modulus of Elasticity, Moment of 
Inertia, and Length of the beam; i is an index number identifying a particular beam; and 
α, the Beam Connections Rigidity Factor, is between 0 and 1, which is determined 
based on the rigidity ratio of beam connections, as described in the next section. 
Derivation of Eq. (2) is provided in the Appendix A. 

 

3.2.1 Beam Connections Rigidity Factor 

The rigidity of the beam connections is included in Equation (2) using factor α. Figure 5 
illustrates values of α for different beam support conditions. 

 
 

Figure 5 Factor α for fixed, variable and cantilever beams.  

In general factor α could be determined by Equation (3).   

 

ൌן    ଵଵାಽ಼ೌమಶ಺ ൅ ଵଵାಽ಼್మಶ಺                                                               (3) 

 

where E, I, and L are components of the beam i and Ka and Kb are the beam’s end 
support rigidities to rotation determined by Equation (4). 

௔ܭ  ൌ ∑ ሺ׎ாூ௅ ሻ௜௠ೌିଵ௜ୀଵ ௕ܭ     ݀݊ܽ   ൌ ∑ ሺ׎ாூ௅ ሻ௜௠್ିଵ௜ୀଵ                                                   (4) 

 

where E, I, and L are determined for the beams and columns connected to beam i in 
Equation (2), except the beam i. ma and mb are total number of beams and columns 

connected to beam i at a and b respectively.  Lateral Rigidity Factor, ׎, of the beams 
and columns in Equation (4) is between 1 to 4 based on beam or column rigidity against 
lateral movement.  

 

α = 0 

α = 0 to 1 α = 1 
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3.2.2 Lateral Rigidity Factor 

For all beams, the lateral rigidity factor can be determined based on the axial rigidity of 
the columns in the frame, which is comparatively high for typical building structures. In 

low to moderate rise frames, a ׎ between 3.0 and 3.5 would be reasonable. This also 
applies to columns in a braced frame where lateral movements are limited by the 

bracing system. In this study, a value of ׎ ൌ ͵.ͷ is considered for lateral rigidity of the 

beams. For columns in moment-resisting frames, ׎ is relatively more variable and 
determined according to Equation (5). 

׎ ൌ Ͷ െ ቆ ଷଵା಼ೞಽయభమಶ಺ቇ                                                                             (5) 

 

 

where E, I, and L are calculated for the column and: 

௦ܭ ൌ ଵ∑ భ∑ ሺభమಶ಺ಽయ ሻ೘ೕసభ೙೔సభ                                                                                   (6) 

 

 

where Ks is the lateral rigidity for column s; E, I, and L are components for column j in 
floor i; n is number of floors in and underneath of column s and m is number of columns 
in floor i.  

 

For simplicity, one may consider all the columns to be similar in equations (5) and (6), 
resulting in: 

׎ ൌ Ͷ െ ൬ ଷଵା೘೙ ൰                                                                             (7) 

 

 

For test column in Figure 2, n = 1 and m = 4, therefore, 3.4 = ׎. 
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Test Column 

Figure 6 Roughly symmetric deformation and rotation in connections in frames when a middle column is 

selected for the test.  

Equation (6) applies when all connections are rigid for rotation. In the case of a middle 
test column where there is more likelihood of symmetric frame deformations, as shown 
in Figure 6, this equation may be applicable. However, for a corner test column, due to 
asymmetric deformations (see Figure 4), connections are also rotating according to the 
beams stiffness. Based on the analysis implemented for different frames in this study, 

when a corner column is selected as the test column, ׎ is considered as 55% of the 
values determined by Equation (5). This value may be reduced for frames with higher 
number of floors, but for the group of frames in this study such a value seems 
reasonable. Further study is needed on this. 

 

4. APPLICATION AND EXAMPLES 

Six steel frame prototypes with different heights have been selected for this study.  The 
analysis was implemented for both corner and middle test column cases. Beam and 
column details are provided in Table 1 and Table 2. Dimensions of the frames are 
provided in figures 7(a) to 7(f). The frame sections and dimensions were selected 
according to typical steel building frames seen in the North America.   
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4.1 Results of analysis and model verification  

Both the full analysis method using the SAFIR program and the simplified method were 
implemented to determine the vertical frame stiffness corresponding to test columns of 
the frame prototypes. The results were illustrated and compared in figures 9 to 14. The 
comparison and correlation between the results of the two approaches indicate that the 
simplified method provides relatively acceptable values for the frame equivalent vertical 
load, P, deformation, Δ, and stiffness K.  

In the next section, the detailed analytical process of the simplified method is provided 
for one of the frame prototype. 

 

Table 1 Details of frame prototypes. 

Frame 
Number of 

Stories 
Test Column 

Column Serial Size 

(mm) 

Column 

Length 

(mm) 

Beam 

Serial Size 

(mm) 

Beam 

Length 

(mm) 

U1a 3 1st floor, corner W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U1b 3 1st floor, middle W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U1c 3 2nd floor, middle W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U2a 6 1st floor, corner W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U2b 6 1st floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U2c 6 2nd floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U2d 6 5th floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U3a 10 1st floor, corner W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U3b 10 1st floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U3c 10 2nd floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U3d 10 5th floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U3e 10 8th floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U4a 3 1st floor, corner W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U4b 3 1st floor, middle W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U4c 3 2nd floor, middle W360x370 (147.3) 3800 W610x180 (81.9) 7000 

U5a 6 1st floor, corner W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U5b 6 1st floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U5c 6 2nd floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U5d 6 5th floor, middle W360x370 (196.4) 3800 W610x230 (113.1) 7000 

U6a 10 1st floor, corner W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U6b 10 1st floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U6c 10 2nd floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U6d 10 5th floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 

U6e 10 8th floor, middle W360x410 (236.6) 3800 W760x265 (147.3) 7000 
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Table 2 Details of Steel. 

Serial Size 

Mass Per Unit 

Length 
Area Depth Width 

Web 

Thickness 

Flange 

Thickness 

Corner 

Radius 

(mm) (kg/m) (cm
2
) (mm) (mm) (mm) (mm) (mm) 

W760x265 147.3 187.7 753.1 265.4 13.2 17.0 16.5 

W610x230 113.1 144.5 607.6 228.3 11.2 17.3 12.7 

W610x180 81.9 104.5 598.7 177.9 10.0 12.8 12.7 

W360x410 236.6 301.3 380.5 395.4 18.9 30.2 15.2 

W360x370 196.4 250.3 372.4 374.0 16.4 26.2 15.2 

W360x370 147.3 187.7 359.7 370.0 12.3 19.8 15.2 

*Data copied from JFE Steel Corporation "W-Beams.pdf", Cat.No.D1E-101-01. 

 

 

Figure 7(a) Details of columns and beams for frame U1. 
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Figure 7(b) Details of columns and beams for frame U2. 
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3.80m 

3.80m 

 

Figure 7(c) Details of columns and beams for frame U3. 
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Figure 7(d) Details of columns and beams for frame U4. 

 

Figure 7(e) Details of columns and beams for frame U5.  
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W = Distributed load on beams, W (all beams) = 30000 N/m 
E (steel)= 2.0×10

11
 N/m

2,  
fy (Steel)= 2.9×10

8
 N/m

2
 

 

Figure 7(f) Details of columns and beams for frame U6. 
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16B4.2 An example with calculation details. 

This example illustrates the calculation process for the frame U1a shown in Figure 7, a 
3 story frame, where the right corner column on the first floor is selected as the test 
column, similar to the frame and test column in Figure 2. 

Step 1 Determine section properties 

 

ܧ  ൌ ʹ.ͳE+11 

 

௕௘௔௠ܫ  ൌ ͷ.͸ͲʹE‐4 m4
, (Manufacturer specification, JFE Steel Corporation) 

   
  ௖௢௟௨௠௡ܫ ൌ Ͷ.͸ʹͶE‐4 m4

, (Manufacturer specification, JFE Steel Corporation) 
   

Step 2 Determine lateral rigidity factors for beams and columns  

For all beams lateral rigidity factor is considered 3.5=׎. For columns, since the frame is 
a moment-resisting frame, lateral rigidity must be determined using equations (5) or (7). 

a) For columns on the first floor: 

 

௦ܭ ൌ ൬ͳʹܫܿܧ ݊݉ݑ݈݋ܿܮ݊݉ݑ݈݋ ൰ ݉݊
 

௦ܭ   ൌ ൬ͳʹ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷ͵.ͺଷ ൰ כ Ͷͳ ൌ ͺ.ͶͻE͹  
 

݊݉ݑ݈݋ܿ׎ ൌ Ͷ െ ൮ ͵ͳ ൅ ௖௢௟௨௠௡ܫܧʹ௖௢௟௨௠௡ଷͳܮ௦ܭ
൲ כ Ͳ.ͷͷ  

݊݉ݑ݈݋ܿ׎  ൌ Ͷ െ ቌ ͵ͳ ൅ ͺ.ͶͻE͹ כ ͵.ͺଷͳʹ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷቍ כ Ͳ.ͷͷ ൌ ͳ.ͺ͹ 

 

The same result is obtained using Equation (7). Note that the test column is a corner 
column and the values from equations (5) or (7) must be multiplied by 0.55. 
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׎  ൌ Ͳ.ͷͷሾͶ െ ൬ ଷଵା೘೙ ൰ሿ  = Ͳ.ͷͷ ቈͶ െ ቆ ଷଵାరభቇ቉ ൌ ͳ.ͺ͹ 

 

b) For columns on second floor: 

Similar to (a): 

 

׎  ൌ Ͳ.ͷͷ ቈͶ െ ቆ ଷଵାరమቇ቉ ൌ ͳ.͸ͷ 

 

c) For columns on third floor: 

 

׎  ൌ Ͳ.ͷͷ ቈͶ െ ቆ ଷଵାరయቇ቉ ൌ ͳ.Ͷͻ 

 

Figure 8 Details of the cross-section for beams. 

Step 3 Determine beam connections stiffness 

a) For connection a1 of the beam (a1,b1) on the first floor: zero beam and two columns 
are connected to a1 (the main beam (a1,b1) should not be counted).  

 

௔ܭ  ൌ ∑ ቀ׎ாூ೎೚೗ೠ೘೙௅ܿ݊݉ݑ݈݋ ቁ௜௠ೌିଵ௜ୀଵ    
௔ܭ  ൌ ʹ כ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ 

௔ܭ  ൌ ʹ כ ൬ͳ.ͺ͹ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷ͵.ͺ ൰ ൌ ͻ.ͷ͸E͹ 

a1 

a2 

a3 

b1 

b2 

b3

7m 7m 7m 

3.8m 

3.8m 

3.8m 
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b) For connection b1 of the beam (a1,b1) on the first floor: one beam and two columns 
are connected to b1 (again the main beam (a1,b1) is not counted).  

 

௕ܭ    ൌ ∑ ሺ׎ாூ௅ ሻ௜௠್ିଵ௜ୀଵ  

  ௕ܭ ൌ ʹ כ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ ൅ ͳ כ ൬ܫܧ׎௕௘௔௠ܮ௕௘௔௠ ൰ 

௕ܭ    ൌ ʹ כ ൬ͳ.ͺ͹ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷ͵.ͺ ൰ ൅ ൬ ͵.ͷ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ͹ ൰ ൌ ͳ.ͷͶEͺ 

 

c) For connection a2 of the beam (a2,b2) on the 2nd floor: zero beam and two columns 
are connected to a2 (the main beam (a2,b2) is not counted).  

௔ܭ  ൌ ʹ כ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ 

 

  ௔ܭ ൌ ʹ כ ቀଵ.଺ହכଶ.ଵEଵଵכସ.଺ଶସE‐ସଷ.଼ ቁ ൌ ͺ.Ͷ͵E͹ 

 

d) For connection b2 of the beam (a2,b2) on the 2nd floor: one beam and two columns are 
connected to b2 (again the main beam (a2,b2) is not counted).  

  ୠܭ ൌ ʹ כ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ ൅ ͳ כ ൬ܫܧ׎௕௘௔௠ܮ௕௘௔௠ ൰ 

 

  ୠܭ ൌ ʹ כ ቀଵ.଺ହכଶ.ଵEଵଵכସ.଺ଶସE‐ସଷ.଼ ቁ ൅ ቀ ଷ.ହכଶ.ଵEଵଵכହ.଺଴ଶEିସ଻ ቁ ൌ ͳ.Ͷ͵Eͺ  

 

e) For connection a3 of the beam (a3,b3) on the 3rd floor: zero beam and one column are 
connected to a3 (the main beam (a3,b3) is not counted).  

௔ܭ  ൌ ͳ כ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ 
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௔ܭ ൌ ൬ͳ.Ͷͻ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷ͵.ͺ ൰ ൌ ͵.ͺͳE͹ 

 

f) For connection b3 of the beam (a3,b3) on the 3rd floor: one beam and one column are 
connected to b3 (again the main beam (a3,b3) is not counted).  

௕ܭ  ൌ ൬ܫܧ׎௖௢௟௨௠௡݊݉ݑ݈݋ܿܮ ൰ ൅ ൬ܫܧ׎௕௘௔௠ܮ௕௘௔௠ ൰ 

௕ܭ  ൌ ൬ͳ.Ͷͻ כ ʹ.ͳEͳͳ כ Ͷ.͸ʹͶE‐Ͷ͵.ͺ ൰ ൅ ൬ ͵.ͷ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ͹ ൰ 

௕ܭ  ൌ ͻ.͸ͻE͹ 
 

Step 4 Determine beam connections factors 

a) First Floor 

ൌן ͳͳ ൅ ௕௘௔௠ܫܧʹ௔ଵܭ௕௘௔௠ܮ ൅ ͳͳ ൅ ௕௘௔௠ܫܧʹ௕ଵܭ௕௘௔௠ܮ  

ൌן ͳͳ ൅ ͹ כ ͻ.ͷ͸E͹ʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൅ ͳͳ ൅ ͹ כ ͳ.ͷͶEͺʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൌ Ͳ.Ͷ͵ͻ 

 

b) Second Floor 

ൌן ͳͳ ൅ ௕௘௔௠ܫܧʹ௔ଶܭ௕௘௔௠ܮ ൅ ͳͳ ൅ ௕௘௔௠ܫܧʹ௕ଶܭ௕௘௔௠ܮ  

ൌן ͳͳ ൅ ͹ כ ͺ.Ͷ͵E͹ʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൅ ͳͳ ൅ ͹ כ ͳ.Ͷ͵Eͺʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൌ Ͳ.Ͷ͹ͷ 

 

c) Third Floor 

ൌן ͳͳ ൅ ௕௘௔௠ܫܧʹ௔ଷܭ௕௘௔௠ܮ ൅ ͳͳ ൅ ௕௘௔௠ܫܧʹ௕ଷܭ௕௘௔௠ܮ  
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ൌן ͳͳ ൅ ͹ כ ͵.ͺͳE͹ʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൅ ͳͳ ൅ ͹ כ ͻ.͸ͻE͹ʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ ൌ Ͳ.͹ʹ͸ 

 

Step 5 Determine vertical stiffness for each floor 

 

a) First Floor 

ଵܭ ൌ ൬ͳ െ Ͳ.ͷ ןͳ൅ן ൰ ͳʹܫܧ௕௘௔௠ܮ௕௘௔௠ଷ  

ଵܭ  ൌ ൬ͳ െ Ͳ.ͷ כ Ͳ.Ͷ͵ͻͳ ൅ Ͳ.Ͷ͵ͻ ൰ ͳʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ͹ଷ ൌ ʹ.ʹ͵ʹE͸ 

 

b) Second Floor 

ଶܭ ൌ ൬ͳ െ Ͳ.ͷ ןͳ൅ן ൰ ͳʹܫܧ௕௘௔௠ܮ௕௘௔௠ଷ  

ଶܭ  ൌ ൬ͳ െ Ͳ.ͷ כ Ͳ.Ͷ͹ͷͳ ൅ Ͳ.Ͷ͹ͷ ൰ ͳʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ͹ଷ ൌ ʹ.ͳʹ͹E͸ 

 

c) Third Floor 

ଷܭ ൌ ൬ͳ െ Ͳ.ͷ ןͳ൅ן ൰ ͳʹܫܧ௕௘௔௠ܮ௕௘௔௠ଷ  

ଷܭ  ൌ ൬ͳ െ Ͳ.ͷ כ Ͳ.͹ʹ͸ͳ ൅ Ͳ.͹ʹ͸ ൰ ͳʹ כ ʹ.ͳEͳͳ כ ͷ.͸ͲʹE‐Ͷ͹ଷ ൌ ͳ.ͳͷͳͺE͸ 

 

Step 6 Determine total vertical stiffness 

ܭ  ൌ ଵܭ ൅ ଶܭ ൅ ଷܭ ൌ ʹ.ʹ͵ʹE͸ ൅ ʹ.ͳʹ͹E͸ ൅ ͳ.ͳͷͳͺE͸ ൌͷ.ͺ͹ͺE͸ 
This result is plotted in Figure 9 (a) along with the result from the full analysis.  
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8B5. CONCLUSIONS  

A new hybrid test technique was developed to assess fire performance of steel 
columns. A simple calculation process was developed to determine the effect of the 
structural frame response on fire resistance of the steel columns. Load and deformation 
of the test columns, at the support, were the main interaction components between the 
analysis and the test. The method was implemented for columns in different stories in 
six different steel building frames. Studies are still being carried out to implement the 
approach to include consideration of the lateral load, due to floor thermal expansion. For 
application in practice, the model needs to be verified through a future experimental 
program. 
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11BAppendix:Plots 

 

 

Figure 9(a) Load-Deformation (P-Δ) curve for prototype U1a. 

 

 

Figure 9(b) Load-Deformation (P-Δ) curve for prototype U1b. 
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Figure 9(c) Load-Deformation (P-Δ) curve for prototype U1c. 

 

 

Figure 10(a) Load-Deformation (P-Δ) curve for prototype U2a. 
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Figure 10(b) Load-Deformation (P-Δ) curve for prototype U2b. 

 

 

Figure 10(c) Load-Deformation (P-Δ) curve for prototype U2c. 
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Figure 10(d) Load-Deformation (P-Δ) curve for prototype U2d. 

 

 

Figure 11(a) Load-Deformation (P-Δ) curve for prototype U3a. 

 



 

 

30 

 

 

Figure 11(b) Load-Deformation (P-Δ) curve for prototype U3b. 

 

 

Figure 11(c) Load-Deformation (P-Δ) curve for prototype U3c. 
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Figure 11(d) Load-Deformation (P-Δ) curve for prototype U3d. 

 

 

Figure 11(e) Load-Deformation (P-Δ) curve for prototype U3e. 
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 Figure 12(a) Load-Deformation (P-Δ) curve for prototype U4a. 

 

 

Figure 12(b). Load-Deformation (P-Δ) curve for prototype U4b 
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Figure 12(c) Load-Deformation (P-Δ) curve for prototype U4c. 

 

 

Figure 13(a) Load-Deformation (P-Δ) curve for prototype U5a. 
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Figure 13(b) Load-Deformation (P-Δ) curve for prototype U5b. 

 

 

Figure 13(c) Load-Deformation (P-Δ) curve for prototype U5c. 
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Figure 13(d) Load-Deformation (P-Δ) curve for prototype U5d. 

 

 

Figure 14(a) Load-Deformation (P-Δ) curve for prototype U6a. 
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Figure 14(b) Load-Deformation (P-Δ) curve for prototype U6b. 

 

 

Figure 14(c) Load-Deformation (P-Δ) curve for prototype U6c. 
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Figure 14(d) Load-Deformation (P-Δ) curve for prototype U6d. 

 

 

Figure 14(e) Load-Deformation (P-Δ) curve for prototype U6e 
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12BAppendix A: Derivation of Stiffness Equation for the Simplified 
Method  

The derivation of the stiffness equation, Eq. (2), is provided here. 

 

Figure 15 Equivalent beam for beam ab and the boundary stiffness conditions 

The stiffness matrix for equivalent beam ab of the above frame may be arranged in the 
following formed:  

ଷܮܫܧ ێێۏ
ʹͳۍێ ͸ܮ ͸ܮ͸ܮ Ͷܮଶ ൅ ܫܧ௔ܭଷܮ ଶܮʹ
͸ܮ ଶܮʹ Ͷܮଶ ൅ ܫܧ௕ܭଷܮ ۑۑے

ېۑ ൝ ௕ൡߠ௔ߠߜ ൌ ൝ͲܸͲൡ 

where, E, I, and L are the modulus of elasticity, second moment of inertia and length of 
the equivalent beam respectively; Ka and Kb are the rotational stiffness of the frame at 
joints a and b; θa, θb and δ are the beam’s rotations at a and b and its vertical 
deformation at a and V is the vertical load at a. The first row of the above matrix gives:   

a b 

δ 

beam 

 ܮ

beam beam 

beam 

beam beam 

o 

V, δ 

a b  

Kb 
Ka 

L 
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ͳʹߜ ൅ ͸ߠܮ௔ ൅ ͸ߠܮ௕ ൌ ܫܧଷܮܸ  

Or: ʹߠܮ௔ ൅ ௕ߠܮʹ ൌ ௏௅యଷாூ െ Ͷ(1)                                                                  ߜ 

The second row gives:   ܮܫܧଷ ቆ͸ߜܮ ൅ Ͷܮଶߠ௔ ൅ ܫܧ௜ܭଷܮ ௔ߠ ൅ ௕ቇߠଶܮʹ ൌ Ͳ  
Or: ܮଶܭ௔ܫܧ ௔ߠ ൅ ௔ߠܮʹ ൅ ௔ߠܮʹ ൅ ௕ߠܮʹ ൌ െ͸ܫܧʹ ߜ ൅ ܫܧʹ௔ܭܮ ௔ߠܮʹ   ൌ െʹߜ െ  ܫܧ͵ଷܮܸ

This results in: ʹߠܮ௔   ൌ െ ସாூଶாூା௅௄ೌ ߜ െ ଶ௏௅యଷሺଶாூା௅௄ೌሻ                                                               (2) 

Finally the last row of the matrix yields to: ܮܫܧଷ ቆ͸ߜܮ ൅ ௔ߠଶܮʹ ൅ Ͷܮଶߠ௕ ൅ ܫܧ௕ܭଷܮ ௕ቇߠ ൌ Ͳ  
ଷܮܫܧ ሺ͸ߜܮ ൅ ௔ߠܮʹሺܮ ൅ ௕ሻߠܮʹ ൅ ௕ߠ௕ܭ௕ሻ൅ߠଶܮʹ ൌ Ͳ  

ߜʹ ൅ ܫܧ͵ଷܮܸ ൅ ௕ߠܮʹ ൅ ܫܧ௕ܭଶܮ ௕ߠ ൌ Ͳ  
Or: ʹߠܮ௕ ൌ ସாூିଶாூି௅௄್ ߜ ൅ ଶ௏௅యଷሺିଶாூି௅௄್ሻ                                                                        (3) 

Substituting (2) and (3) into (1) gives ଶ௏௅యଷሺିଶாூି௅௄ೌሻ ൅ ସாூିଶாூି௅௄ೌ ߜ ൅ ସாூିଶாூି௅௄್ ߜ ൅ ଶ௏௅యଷሺିଶாூି௅௄್ሻ  ൌ ௏௅యଷாூ െ Ͷߜ   
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ሺ ଶ௅యଵଶሺଶாூା௅௄ೌሻ ൅ ଶ௅యଵଶሺଶாூା௅௄್ሻ ൅ ௅యଵଶாூሻܸ ൌ ሺͳ െ ாூଶாூା௅௄ೌ െ ாூଶாூା௅௄್ሻߜ   
This yields to: 

ܸ ൌ ൭ଵି଴.ହۃ భభశಽ಼ೌమಶ಺ ା భభశಽ಼್మಶ಺ ൱ۄ
൭ଵା భభశಽ಼ೌమಶ಺ ା భభశಽ಼್మಶ಺ ൱ ଵଶாூ௅య    ߜ

 

Or: ܸ ൌ ቀଵି଴.ହןଵାן ቁ ଵଶாூ௅య    ߜ
Where 

ൌן ͳͳ ൅ ܫܧʹ௔ܭܮ ൅ ͳͳ ൅  ܫܧʹ௕ܭܮ


