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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.



TABLE OF CONTENTS

Contents

Y Y = A I = 7 - O 2
TABLE OF CONTENTS....ccoeeeeeeeeeeeceeeeeeeesssssssssssssssmnnsnsnsssssssssssssnmnnnnnnsssssssssssnnnnnnnnnnsnes 3
LIST OF FIGURES.......oeeeeeeeieesssssssssssssssnnnnsssssssssssssssmnnsssssssssssssssnnmnnnsssssssssssssnnnnns 4
LIST OF TABLES......oooeeeeeeeeeeeeeeee s e essssssssssmnnnnnsssssssssssssmmnnssnnnsssssssssnnnnnnnssssssssssssnnnnnn 5
1. INTRODUGCTION........cooeeeeeeeeeemnnnsssssssssssssnnnnnnsssssssssssssssmsnsnsssssssssssssnnmssnsssssssssssssnnnnns 6
2. TEST METHODOLOGY....ccceesiiiicissssemmenssssssssssssssssmmnsnssssssssssssssssmmnssssssssssssssssnmnnnnsssses 6
3. MODELING STRUCTURAL SYSTEM STIFFNESS. .........oooeeeeiiriicciissnemnnsnssssssssssssnas 9
3.1. Full Structural Analysis Method ... 9
3.2. The Simplified Method...........cccorrrrirrrerrr 10
3.2.1 Beam Connections Rigidity FACOr.........c.uiiiiiiiiiii e 11
3.2.2 Lateral Rigidity FACIOr ........ccoouiiiiiiiei e e e 12

4. APPLICATION AND EXAMPLES............eeeeeeeeeeeeessssssssssssnmmnnnssssssssssssssnmnnsnsssssssssns 13
4.1 Results of analysis and model verification.........cccceviiiiiiiininnnnnns 14
4.2 An example with calculation details..........cccoeemmmiiiiniiic 20
5. CONCLUSIONS.......commeeeeiiiiiiisssninnnnnsssssssssssssmnnnsssssssssssssssnnsnssssssssssssssnnnnnnnssnssssssssnnn 25
6. ACKNOWLEDGEMENT .......eeeeeesessssssssssssmmmnnsssssssssssssssnmmssssssssssssssssnmsnnsnsssssssssssnnn 25
7. REFERENCES. .........eeeeeeeiiccccsssieennsssssssssssssssmnnnns s sssssssssssamsnnnsssnsssssssssnnnnnnnnsnsssss 25
WY oT o 1= Lo 1) 6 o Lo - N 26
Appendix:Derivation of Stiffness Equation for the Simplified Method................... 38



LIST OF FIGURES

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

considering the restraint conditions from the structural system. ....................... 7
Figure 2 A simple performance based test technique for fire resistance of columns
considering the restraint conditions from the structural system. ....................... 8
Figure 3 Process of determining vertical stiffness of the structural system K by the Full-
ANAIYSIS MELNOA. ... 9
Figure 4 P-A curve obtained by implementing a full analysis using the SAFI software. 10
Figure 5 Factor a for fixed, variable and cantilever beams..............cccoeviiiiiiiiiiiineeeens 11
Figure 6 Roughly symmetric deformation and rotation in connections in frames when a
middle column is selected forthe test...........oooorrriiiiii e, 13
Figure 7(a) Details of columns and beams for frame U1............cccoooiiiiiiiiiiiiieeee, 15
Figure 7(b) Details of columns and beams for frame U2...........cccccciiiiiiiiiii. 16
Figure 7(c) Details of columns and beams for frame U3. ..., 17
Figure 7(d) Details of columns and beams for frame U4............ccccoiiiiiiiiiiinn. 18
Figure 7(e) Details of columns and beams for frame US...............ccooooiiiiiiiiiiiiieneeee, 18
Figure 7(f) Details of columns and beams for frame UG. ... 19
Figure 8 Details of the cross-section for beams. ............cooooviiiiiiiiiiiii e, 21
Figure 9(a) Load-Deformation (P-A) curve for prototype U1a. .......coovviiiiiiiiiiiiiiiiinnnnnn. 26
Figure 9(b) Load-Deformation (P-A) curve for prototype U1b. ........ccoooiiiiiiiiieeiei, 26
Figure 9(c) Load-Deformation (P-A) curve for prototype U1C........ccoovviiiiiiiiiiiiiiiiiiinnnnn. 27
Figure 10(a) Load-Deformation (P-A) curve for prototype U2a. ..........ccooovvvieieeeeennnnnn, 27
Figure 10(b) Load-Deformation (P-A) curve for prototype U2b. ........ccooovviiiiiiiiiiiiinnnnnn. 28
Figure 10(c) Load-Deformation (P-A) curve for prototype U2C.........ccoovvrviiiiiieeeeeinnnnn, 28
Figure 10(d) Load-Deformation (P-A) curve for prototype U2d. .........cooovviviiiiiiiiiiinnnnnn. 29
Figure 11(a) Load-Deformation (P-A) curve for prototype U3a. ..........cooovvviiiieeeeeennnnn, 29
Figure 11(b) Load-Deformation (P-A) curve for prototype U3b. ........coooviviiiiiiiiiiiiinnnnnn. 30
Figure 11(c) Load-Deformation (P-A) curve for prototype U3C........ccooovviiiiiiiieeeeeienen, 30
Figure 11(d) Load-Deformation (P-A) curve for prototype U3d. ........ccoovviiiiiiiiiiiiiinnnnnn. 31
Figure 11(e) Load-Deformation (P-A) curve for prototype U3e. ........ccooovvviiciieeeeeennnn, 31
Figure 12(a) Load-Deformation (P-A) curve for prototype U4da. ........ccoovvvviiiiiiiiiiinnnnnnn. 32
Figure 12(b). Load-Deformation (P-A) curve for prototype U4b ..........ccoovvviiieeenininnn, 32
Figure 12(c) Load-Deformation (P-A) curve for prototype U4cC. ........cooovviviiiiiiiiiiiiinnnnnn. 33
Figure 13(a) Load-Deformation (P-A) curve for prototype U5a. ..........cooovvviiieeeeeinnnnn, 33
Figure 13(b) Load-Deformation (P-A) curve for prototype USb. ... 34
Figure 13(c) Load-Deformation (P-A) curve for prototype U5SC........cccoovvviiiiiiiieeeeinenn, 34
Figure 13(d) Load-Deformation (P-A) curve for prototype U5d. ..., 35
Figure 14(a) Load-Deformation (P-A) curve for prototype U6Ga. ............coovvvvcieeeeeennnnnn, 35
Figure 14(b) Load-Deformation (P-A) curve for prototype UBb. ... 36
Figure 14(c) Load-Deformation (P-A) curve for prototype UBC..........ccoovvviviiiiieeenennnnn, 36
Figure 14(d) Load-Deformation (P-A) curve for prototype U6d. ..........ccoovvviiiiiiiiiinnnnnnn. 37
Figure 14(e) Load-Deformation (P-A) curve for prototype U6e ...........cooovvvviiiieeeeeennnnnns 37
Figure 15 Equivalent beam for beam ab and the boundary stiffness conditions ........... 38

4



LIST OF TABLES

Table 1 Details of frame prototypes..........uveuiie i 14
Table 2 Details Of STEEL. .......cooeeee e 15



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.



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.
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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 (kA) is added to the initial load Po using
Equation (1).



P=KA+ Po (1)

where A 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).

_--"T 77T A = Column deformation
== during the test

Test Column

L
Column in Furnace L

Figure 2 A simple performance based test technique for fire resistance of columns considering the
restraint conditions from the structural system.



3. MODELING STRUCTURAL SYSTEM STIFFNESS

AN
Beams resisting to vertical
deformation A and
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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, A, between the frame
and the test column and the vertical load-deformation, P-A, relation. The P-A 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-A curve was obtained by simulating the
entire frame and exposing only the test column to the ASTM E119 temperature-time
curve.



Although the P-A 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-A 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 A
at the disconnected point and measuring the load reaction P to determine K as
illustrated in Figure 3.
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Figure 4 P-A 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.

K=y, [(1—0.5«) 1251]i 2)

14« L3
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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, /, and L are Modulus of Elasticity, Moment of
Inertia, and Length of the beam; i is an index number identifying a particular beam; and
a, 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 a. Figure 5
illustrates values of a for different beam support conditions.

P e ——1

a=0to1 a=1

a=0

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

In general factor a could be determined by Equation (3).
xX= ik, + T_b (3)

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

4—1 0EI —1,QEI
K, =X ()i and K, =y )i (4)

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

11



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 @ = 3.5 is considered for lateral rigidity of the
beams. For columns in moment-resisting frames, @ is relatively more variable and
determined according to Equation (5).

a2 5
° <> )

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

Ki=— 17— (6)

LA —
i=1 12E1
=13

where K is the lateral rigidity for column s; E, /, and L are components for column j in
floor i; nis 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:

0=4-(n) (7)

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

12



Test Column
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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.

13



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, A, 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.

Number of Column Serial Size Column Beam Beam
Frame . Test Column Length Serial Size Length
Stories (mm)

(mm) (mm) (mm)
Ula 3 1* floor, corner W360x370 (147.3) 3800 W610x180 (81.9) 7000
Ulb 3 1* floor, middle | W360x370 (147.3) 3800 W610x180 (81.9) 7000
Ulc 3 2" floor, middle | W360x370 (147.3) 3800 W610x180 (81.9) 7000
U2a 6 1* floor, corner W360x370 (196.4) 3800 W610x230 (113.1) 7000
U2b 6 1* floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
U2c 6 2" floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
U2d 6 5" floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
U3a 10 1* floor, corner W360x410 (236.6) 3800 W760x265 (147.3) 7000
U3b 10 1* floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
U3c 10 2" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
U3d 10 5" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
U3e 10 8" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
U4a 3 1* floor, corner W360x370 (147.3) 3800 W610x180 (81.9) 7000
U4b 3 1* floor, middle | W360x370 (147.3) 3800 W610x180 (81.9) 7000
Udc 3 2" floor, middle | W360x370 (147.3) 3800 W610x180 (81.9) 7000
USa 6 1* floor, corner W360x370 (196.4) 3800 W610x230 (113.1) 7000
USb 6 1* floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
USc 6 2" floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
Usd 6 5" floor, middle | W360x370 (196.4) 3800 W610x230 (113.1) 7000
Ub6a 10 1* floor, corner W360x410 (236.6) 3800 W760x265 (147.3) 7000
U6b 10 1* floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
Ubc 10 2" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
U6d 10 5" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000
Ube 10 8" floor, middle | W360x410 (236.6) 3800 W760x265 (147.3) 7000

14



Table 2 Details of Steel.

Mass Per Unit . Web Flange Corner

Serial Size Length Area | Depth | Width Thickness Thickness Radius
(mm) (kg/m) (cm®) | (mm) | (mm) (mm) (mm) (mm)
W760x265 147.3 187.7 | 753.1 | 2654 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 | 1779 10.0 12.8 12.7
W360x410 236.6 301.3 | 380.5 | 3954 18.9 30.2 15.2
W360x370 196.4 2503 | 3724 | 3740 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.

Beams: W 610x82

|<—><—>|<—>|
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Frame U1

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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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.
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Figure 7(e) Details of columns and beams for frame US.
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Figure 7(f) Details of columns and beams for frame U6.
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4.2 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

E = 2.1E+11
Lyeqm = 5.602E-4 m*, (Manufacturer specification, JFE Steel Corporation)

Lootumn = 4.624E-4 m*, (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:

K. = <12Elcolumn> m
y Lcolumn n
K <12 * 2, 1E11 * 4.624E-4) 4 8.49E7
= * — =
$ 3.83 1 '

3
@column = 4 — 7 | * 0.55
Kcholumn
1 4 T5pcolumn_
12Elcolumn
@col =4 3 0.55 =1.87
cotumn = %= |, B49E7x38 F oo = L

12 * 2.1E11 = 4.624E-4

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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0 = 0554~ ()] =0.55 l4 - (ﬁ)l =187

b) For columns on second floor:

Similar to (a):

@ = 0.55 [4 — <i4>l = 1.65
1+5

¢) For columns on third floor:

@ = 0.55 l4 — (%)l = 1.49
1+§

3.8m bs an
\
A

3.8m b, az
Y

3sm | by ay
v ]

‘<—><—>|<—>|
7m | 7m m
Figure 8 Details of the cross-section for beams.

Step 3 Determine beam connections stiffness

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

K, =yt (M)

=1 Leotumn i

K. =2% (Q)Elcolumn)
.= _

L column

(1.87 * 2.1E11 = 4.624E-4
*

K, =2
¢ 3.8

) = 9.56E7
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b) For connection b; of the beam (ay,bs) on the first floor: one beam and two columns
are connected to b; (again the main beam (as,by) is not counted).

-1,0EI
Ky =%2 ()

Q)Elcolumn) +1 % <®E1beam)

beam

szz*(

L column

1.87 * 2.1E11 * 4-.624E-4) N ( 3.5%2.1E11 * 5.602E-4

38 7 ) = 1.54E8

Kb :2*(

c) For connection a, of the beam (az,bz) on the 2™ floor: zero beam and two columns
are connected to az (the main beam (az,by) is not counted).

Ka =2 x (Q)Elcolumn)
Lcolumn
Ka =2 (1.65*2.1E;18*4.624E-4) — 8.43E7

d) For connection b, of the beam (az,b2) on the 2" floor: one beam and two columns are
connected to b, (again the main beam (ay,b») is not counted).

Kb =2 x <®E1column> +1 % (Q)Elbeam)

Lcolumn Lbeam

1.65*2.1E11*4.624E-4) + (3.5*2.1E11*5.602E—4
3.8 7

Ky =2+ ( ) = 1438

e) For connection azof the beam (as,bs) on the 3™ floor: zero beam and one column are
connected to az (the main beam (as,bs) is not counted).

K. =1x ((Z)Elcolumn>
o= _—

L column
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1.49 = 2.1E11 * 4.624E-4
Ko =

= 3.81E7
3.8 )

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

K, = (®Elcozumn) N (@Elbeam>

Lcolumn Lbeam

1.49 « 2.1E11 * 4.624E-4\ /3.5 * 2.1E11  5.602E-4
Ky = ( 38 ) + < 7 )

K, = 9.69E7

Step 4 Determine beam connections factors

a) First Floor

1 1
xX= +
1+ M 1+ LyeamKp1
2Elbeam1 2Elbeam 1
*= 7% 9.56E7 + 7+ 1.54E8 = 0.439

1+ 1+

2 * 2.1E11 x 5.602E-4 2 *2.1E11 x 5.602E-4

b) Second Floor

1 1

X= +
1+ M 1+ LyeamKp2

2Elbeam1 2Elbeam 1

x= L 7 84357 + 7+ 1.43E8 = 0475

7+ 21EI1+ 560264 11 2+21E11+5.602E4

c) Third Floor

1 1
xX= +
1+ M 1+ LpeamKp3
2EIbeam 2Elbeam
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1 1
= + = 0.726
14 7 * 3.81E7 14 7 * 9.69E7

2 * 2.1E11 = 5.602E-4 2 * 2.1E11 x 5.602E-4

Step 5 Determine vertical stiffness for each floor

a) First Floor

~ (1 —05 o<> 12Elppqm
7\ 1+« 3

Lbeam

_ (1 — 0.5 % 0.439) 12 * 2.1E11 * 5.602E-4 — 2 232E6
70 140439 73 -
b) Second Floor
_ (1 - 0.5 OC) 12Elyeam
2 1+OC Lbeam3
_ (L= 05+047512x2.1E11 « 5.602E-4
z ( 1+ 0.475 ) 73 -
c¢) Third Floor
_ (1 —0.5 oc> 12Elpeqm
o 1+0( Lbeam3
_ (1 — 0.5 % 0.726) 12 * 2.1E11 * 5.602E-4 — 11518E6
37\ 140.726 73 -

Step 6 Determine total vertical stiffness

K=K, +K,+ K; =2.232E6+ 2.127E6 + 1.1518E6 =5.878E6
This result is plotted in Figure 9 (a) along with the result from the full analysis.
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5. 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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Appendix:Plots

Ula
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Figure 9(a) Load-Deformation (P-A) curve for prototype Ula.
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Figure 9(b) Load-Deformation (P-A) curve for prototype Ulb.
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Ulc
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Figure 9(c) Load-Deformation (P-A) curve for prototype Ulc.
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Figure 10(a) Load-Deformation (P-A) curve for prototype U2a.
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U2b
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Figure 10(b) Load-Deformation (P-A) curve for prototype U2b.
U2c
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Figure 10(c) Load-Deformation (P-A) curve for prototype U2c.
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u2d
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Figure 10(d) Load-Deformation (P-A) curve for prototype U2d.
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Figure 11(a) Load-Deformation (P-A) curve for prototype U3a.
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Load (kN)
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Figure 11(b) Load-Deformation (P-A) curve for prototype U3b.

Load (kN)

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

U3c

—8—Simple Method

e SAFIR Program

0.005 0.01 0.015 0.02 0.025 0.03

Deflection {m)

Figure 11(c) Load-Deformation (P-A) curve for prototype U3c.
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Load (kN)
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Figure 11(d) Load-Deformation (P-A) curve for prototype U3d.
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Figure 11(e) Load-Deformation (P-A) curve for prototype U3e.

31




U4a
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Figure 12(a) Load-Deformation (P-A) curve for prototype U4a.
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Figure 12(b). Load-Deformation (P-A) curve for prototype U4b
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Figure 12(c) Load-Deformation (P-A) curve for prototype U4c.
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Figure 13(a) Load-Deformation (P-A) curve for prototype U5a.
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Figure 13(b) Load-Deformation (P-A) curve for prototype U5b.
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Figure 13(c) Load-Deformation (P-A) curve for prototype USc.
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Figure 13(d) Load-Deformation (P-A) curve for prototype U5d.
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Figure 14(a) Load-Deformation (P-A) curve for prototype Uba.
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Figure 14(b) Load-Deformation (P-A) curve for prototype U6b.
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Figure 14(c) Load-Deformation (P-A) curve for prototype U6c.
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Figure 14(d) Load-Deformation (P-A) curve for prototype U6d.
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Figure 14(e) Load-Deformation (P-A) curve for prototype Ube
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Appendix A: Derivation of Stiffness Equation for the Simplified
Method

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

beam beam
beam beam
o]
beam T beam
a b
o]
EZZa  araca  raears
- T >
y
V,d

Ka Ko

(N £
@

a b

G

A

.
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:

12 6L 6L
r () (v
ElleL 412 +——¢ 2172
6L 212 4L2+L3Kb O/ 10
El

where, E, |, and L are the modulus of elasticity, second moment of inertia and length of
the equivalent beam respectively; K, and K, are the rotational stiffness of the frame at
joints a and b; 65, 6, and & 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:
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VI3
128 + 6L0, + 6L6, = —

El
Or:
VL3
2L6, + 2L6, = P 48
The second row gives:
EI , L3K; ,
E 6L5+4L 9a+?9a+2l' Bb :0
Or:
’K.
a
I 6, + 2L0, + 2L6, + 2L6, = —66
2E1 + LK, 218, = —28 VL3
2EI a - 3EI
This results in:
210, = — _1EI o evid
@ T 2EI+LK, 3(2EI+LKy)

Finally the last row of the matrix yields to:

El , . LK,
75| 618 + 2126, + 4126, + 26, | = 0

El
75 (618 + L(2L6, + 2L6,) + 2176,)+K,6), = 0

26 4+~ 3+2L9 + ZK”e =0
3EI bT g b T
Or:
4EI 2VL3
218, = —2EI-LK}, 3(=2EI-LK})

Substituting (2) and (3) into (1) gives

2vL3 4EI 4EI 2vL3 VL3

o+ =
3(—2EI-LKg) —2EI-LK, —2EI-LK}, 3(—2EI-LKp) 3EI
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213

213 L3 EI EI

(12(2E1+LKa) + 12(2EI+LK}p) + 1251)

This yields to:

Or:

V=(1- E )8

2EI+LK, 2EI+LK}

1 1
(BRI
14551 14557 / 12EI

L3
1 1
1+—F7—+—F%—
( e 1+LKb>

2EI 2ET

V= 6

V= (1—0.50() 12E15

14o L3

Where

1 1

LK IR,
2E1 2E1

=

40



