Journal of Ferdowsi Civil Engineering, 36, 2, 2023. (21-40)

D

7 i

Journal of Ferdowsi Civil Engineering

b » _ _
Ferdowsi Page Journal: civil-ferdowsi.um.ac.ir Iranian Pavement
University of Concrete Engineering
Mashhad Institute ~ Association of
Iran

Investigating Progressive Collapse of Knee Braced Frame in Steel Structures under

Fire Loading

Research Article

Marzieh Akbari!, Ali Mohammad Rousta?
DOI: 10.22067/jfcei.2023.80437.1207

, Ali Alipour Mansourkhani®, Hamed Enayati*

1. Introduction

Progressive collapse like a chain reaction with the spread
of an initial local damage inside the structure causes partial
or total damage of the structure. The high heat caused by
the fire in steel structures increases the load capacity of the
members to a large extent, the result of which is
progressive destruction and collapse of the structure.
Engineers and researches have paid attention to this issue
since part of the Ronan Point building in London was
damaged in 1968. After the destruction of the World
Towers in 2001 on September 11, several research
institutes convened to correct this situation and achieve
design methods against progressive collapse. Direct and
indirect design methods can be used for designing the
structure against progressive collapse. So far, many studies
have been conducted on steel structures under fire load, but
most of the studies on bracing structures with knee braces
have been under earthquake load. Roudrigues et al. (2000)
published the result of a series of 168 fire resistance tests
on compression steel members with limited thermal
tension. Crosti (2009) investigated the steel structure of a
one-story steel-framed parking under fire load. Piers et al.
(2010) at the University of Coimbra presented a
comparison of fire behavior in H and CHS steel columns
with limited thermal expansion. Parvini et al. (2016)
investigated the behavior of the moment-resisting frame
system with knee braces under the risk of progressive
collapse because of gravity and seismic loads. Cao et al.
(2023) investigated the progressive failure of steel
structure under the influence of fire load and studied the
impacts of load ratio and resistance of structural members
on the behavior of the structure.

2. Method

The nonlinear analysis of 3, 6, and 9-story steel frame
structures with knee braces under fire load was done using
Abaqus software. The purpose of the analysis in Abaqus
software is to determine the elements and a range of frames
that have the most critical condition under fire loading. By
identifying these elements, based on their prioritization,
and using SAP2000 software, the critical load-bearing
elements that are usually columns and braces in the braced
frame system were removed to evaluate the behavior of the
sample frames under the effect of progressive collapse
caused by fire and to determine the critical condition for
the frames with coaxial and off-axial knee braces. Column
sections were of IPB or box type, beam sections were of
single or double IPE type or plate grader, and brace
sections were of double channel section type. Knee
element would be also better to be chosen from thin
sections with low number and hardness and high ductility.
The steel material for the structures was ST37 type. The
soil studied for the structures was type Il1, and the structure
importance factor was also checked for buildings with
medium importance of I=1.

3. Results and discussion
At first, the 3-story frame with coaxial knee brace was
modeled in Abaqus software and analyzed under fire load.
As Figure 1 shows, the middle column and two columns
on both sides of the first floor have more thermal stresses.
In the SAP software, the focus was on the mentioned
columns and they were removed one by one and the
behavior of the frame was evaluated. Figure 2 shows the
energy-time curve of the frame during the fire time.
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Figure 1. Thermal stress distribution in a 3-story frame with
coaxial knee brace under fire load
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Figure 2. Energy-time curve of 3-story frame with coaxial
knee brace under fire load

The results showed that for the frame with off-axial
knee brace, only the middle column had critical conditions.
It can be said that the steel frame with off-axial brace has
high ductility. This problem, in combination with the knee
element, leads to a significant increase in the plasticity of
the frame. The thermal analysis for the 6-story frame with
coaxial knee brace showed that the middle column and the
columns on both sides in the first floor and the middle
column in the second floor are in critical condition.
According to the results obtained from the analysis of the
6-story frame with off-axial knee brace, the stresses
generated in the middle column on the first floor and its
right column and then the middle column on the second
floor caused them to become more critical. Figure 3 shows
the comparison of the energy of the 6-story frame with
coaxial and off-axial knee bracing for different scenarios
without and with column removal.
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Figure 3. The comparison of the energy of the 6-story frame
with coaxial and off-axial knee bracing for different
scenarios

The analysis performed on the 9-story frame with
coaxial and off-axial knee bracing showed that the off-
axial bracing had a very significant impact on reducing the
energy of the frame compared to the coaxial bracing
system. The amount of energy in off-axis brace is reduced
by 65%, which is very favorable. However, the 9-story
frame itself has high ductility, which in combination with

the off-axis brace and knee element, results in a structural
system with ductility and the ability to absorb and dissipate
energy very well.
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Figure 4. Energy-time curve of 9-story frame with coaxial
and off-axial knee brace under fire load

The results of the 9-story frame with coaxial and off-axial
knee braces showed that the middle column in the first and
second floors has the most critical conditions.

4. Conclusion

1. The results obtained from the 3-story frame for the
frame with off-axial knee brace showed that the
amount of energy for the case where the middle column
is removed has increased by about 10%. The energy of
the frame with off-axial knee braces is more than the
energy of the frame with coaxial knee braces, but the
removal of the column in the frame with off-axial knee
braces has only increased the energy by 10%. This is
despite the fact that removing the column in the frame
with the coaxial knee brace has increased the energy
2.3 times, and for this reason, the frame with the off-
axial knee brace is much more desirable.

2. The results of the analysis of 6-story coaxial and off-
axial knee brace frames showed that the energy in the
frame with the off-axial knee brace was about 50% less
than the frame with the coaxial knee brace during the
fire and in the entire time period.

3. The results of the 9-story frame showed that in total, in
the case of using the off-axial knee brace, energy for
without removing the element, removing the middle
column in the first floor, and removing the middle
column in the first and second floors in comparison by
using the coaxial knee brace, decreased 77%, 70%, and
79%, respectively, which is very significant.
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Investigation of Progressive Collapse of Knee Braced Frame in Steel Structures under Fire Loading
Marzieh Akbari Ali Mohammad Rousta Ali Alipour Mansourkhani Hamed Enayati

Abstract In this research, the progressive collapse of braced frames with knee braces in steel structures under fire
load was investigated based on the software modeling method. In order to carry out the research 3, 6 and 9-story steel
frames with coaxial and off-axis knee bracing systems were considered in the shape of inverted-V and were analyzed
and analyzed using the software method and ABAQUS and SAP software. In this regard, at first, the frames were
analyzed and designed by modeling the frames in SAP software, and the sections of the frames were determined. In the
following, the frame was analyzed in ABAQUS software under the fire load. the frame without and with the removal of
the critical elements was analyzed successively under the fire load in the SAP software to check and compare the energy
of the frame samples in each case based on the results obtained from the analysis. Based on the study conducted on the
frame with off-axis and coaxial knee bracing, it was determined that the bracing type of off-axis had a significant effect
on reducing the energy of the frame compared to the coaxial bracing system. The 3, 6 and 9-storyframes with off-axis
knee bracing had 35%, 50% and 65% less energy than the frames with coaxial knee braces during the fire and in the
entire time period.

Key Words Progressive Collapse, Steel Structure, Knee Brace, Fire Load, Energy Dissipation
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