Journal of Constructional Steel Research 148 (2018) 251-264

Contents lists available at ScienceDirect JOURNAL OF
CONSTRUCTIONAL

STEEL RESEARCH

Journal of Constructional Steel Research

Behaviour of restrained high strength steel columns at ")
elevated temperature

updates

Weiyong Wang *>* Linbo Zhang ?, Yong Ge 2, Lei Xu ¢

@ College of Civil Engineering, Chongqing University, Chongqing 400045, China
b Key Laboratory of New Technology for Construction of Cities in Mountain Area (Ministry of Education), Chongqing University, Chongging 400045, China
¢ Department of Civil and Environmental Engineering, University of Waterloo, 200 University Avenue West, Waterloo, ON N2L 3G1, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 1 April 2018

Received in revised form 23 May 2018
Accepted 24 May 2018

Available online xxxx

High strength steel has been widely used in various types of structures due to its merits of high strength and good
ductility. However, high strength steel structures are vulnerable to fire hazards as the strength and stiffness of the
steel deteriorate rapidly at elevated temperature. Presented in this paper are the investigations on the behaviour
of restrained high strength steel columns at elevated temperature obtained from full-scale fire tests and finite el-
ement analyses. In the fire tests, applied load and restraint stiffness are two key factors to be examined. Column
responses such as the axial displacement, deflection at column middle height and axial force induced by thermal
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High strength Q460 steel expansion associated with temperature evolution were reported. Column buckling and failure temperatures
Column were determined based on the criteria of the axial displacemen t and lateral deflection of the specimens at el-
Fire test evated temperatures. The test results show that both the applied load and restraint stiffness have considerable

End restraint
Finite element analysis

influences on fire resistances of high strength steel columns. It was observed that the columns with only axial re-
straints failed by flexure buckling about the weak axis whereas the columns with both axial and rotational re-
straints and subjected to large magnitude of the applied load failed by flexural torsional buckling. Finite
element analyses were conducted to simulate the fire responses of the test specimens and the obtained numer-
ical results are found to be reasonably agree with the test data. Parametric studies via finite element analysis were
carried out to quantitatively determine the effect of applied load, restraint stiffness and slenderness ratio on fire

resistance of high strength steel columns.

© 2018 Published by Elsevier Ltd.

1. Introduction

In recent years, high strength steels (HSS) are widely used in long-
span structures and high-rise buildings primarily due to its merits of
high yield strength and good ductility. For example, more than 400
tons of high strength steel are used in the construction of China National
Stadium (so-called “Bird Net”), where the opening ceremony of 2008
Olympic Games was held [1]. As there is no a general consensus on
the definition of HSS around the world, the yield limits adopted for cat-
egorizing HSS are different in various design standards. Generally, a
type of steel is referred as high strength steel if its yield strength is not
less than 460 MPa. In fact, one most common product of high strength
steel in Far East is Q460 steel with the nominal yield strength of
460 N/mm?.

In fire conditions, buckling of steel columns can occurs at a lower
magnitude of load than that of at ambient temperature as the result of
degradations of strength and stiffness at elevated temperatures [2,3].
In the case of local fire, the fire response or behaviour of a steel column
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with end restraints is quite different from that of a steel column without
end restraints since the thermal expansion in the restrained steel col-
umn would result in an additional axial force in the heating phase [4].
In the cooling phase, the load applied on the restrained column may
be transferred to the adjacent columns which have not experienced el-
evated temperature. Literature review [5] demonstrates that there are
some fundamental researches on fire response of restrained steel col-
umns, not only by testing, but also by finite element modelling. Li et
al. [6,8] conducted a series of investigations on behavior of restrained
steel column in fire with carrying out fire tests, finite element simula-
tion and development of a practical design approach. It was found
from the investigations that the axial restraint resulted in a lower buck-
ling temperature for the restrained steel columns and the effects of axial
restraint to the failure temperature were also related to the load ratio
and the axial restraint stiffness ratio. Correia and Rodrigues [9] con-
ducted fire tests on restrained steel columns and the results showed
that increasing the stiffness of the adjacent structure members might
not lead to a reduction of the critical temperature of a restrained steel
column. Correia et al. [10] subsequently proposed a simple approach
for fire design for steel columns with thermal elongation being re-
strained based on the results obtained from a parametric study using
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finite element software ABAQUS. Yang and Yang [11] carried out fire
tests for ten unprotected restrained column specimens. The specimens
were loaded by steady-state method and heated up to 500 °C. Craveiro
etal. [12] conducted a series of experiments to investigate the behavior
of restrained cold-formed steel built-up columns for both closed and
open sections at elevated temperature. The results showed that the
magnitudes of restraining stiffness and applied load are the important
parameters influencing the fire behavior of the columns. In addition, it
was found that the 350 °C of limit temperature for class 4 cross-sections
stipulated in European code [13] is conservative.

From the aforementioned literature review, it was found that almost
all the tests were carried out for mild steel or cold-formed steel col-
umns. There are few publications reported on the investigation of the
axially and rotationally restrained high strength steel columns at ele-
vated temperature. It needs to point out the structural properties
adopted for fire resistance design of steel structures in current design
standards and specifications are not applicable for high strength steel
structures since the deterioration of steel properties are different be-
tween mild and high strength steel [14]. To address this knowledge
gap, a recent investigation, which includes an experimental test pro-
gram and the corresponding finite element analysis, on the behaviour
of high strength Q460 steel columns subjected to both fire and applied
loading is presented in the following.

2. Experimental program

In order to investigate the fire response of restrained high strength
steel columns, fire tests were carried out for the high strength steel col-
umns with axially and rotationally end restraints in a fire furnace.

2.1. Specimen preparation

Eight column specimens were made of Q460 steel plate welded to a
H-shape section of H200x195x8x8, in which four specimens were de-
signed with axial end restraints with the length of 4.3 m, whereas the
others are designed with both axial and rotational end restraints with
the length of 4.48 m. The restraining stiffness at each end was provided
by two H-shaped steel beams made of Q235 steel with the length of
3.2 m. Two cross-sections, namely H200x150x6x9 and
H300x150x6.5x9 were fabricated for the beam to generated two differ-
ent restraining stiffness. The mechanical properties of the test speci-
mens and the restraining beams are obtained by the standard tension
coupon test according to the ASTM A370 test protocol [15]. The test re-
sults are tabulated in Table 1.

For the specimens with the axial end restraints, the end conditions
are hinge connected to the restraining beam to ensure the specimen
ends can freely rotate about its weak axis. The end conditions of strong
axis are seen as fixed and cannot rotate. For the specimens with both
axial and rotational end restraints, extended end-plate connections
were used to connect the column ends to the restraining beam in such
a way both axial and rotational deformation at column ends are
prevented. The aforementioned two types of end connections are illus-
trated in Fig. 1.

Different magnitudes of the applied load and restraining stiffness
were considered in the tests. The axial restraint ratio 3, is defined as:

Ky 48Eyl, EAc
Ba - E - lg / lc (1)

Table 1
Material properties of steels by coupon tests.

Steel Thickness Yield strength Ultimate strength Elastic modulus
Q235 9mm 285 MPa 415 MPa 2.10 x 10° MPa
Q460 8 mm 585 MPa 660 MPa 2.12 x 10° MPa

Fig. 1. Connection between column specimen and restraining beam. (a) Hinged
connection (b) Extended end-plate connection.

where K}, is the flexural stiffness associated with the mid-span deflec-

tion of the restraining beam; K. is the axial stiffness of the column; I,

is the moment of inertia of the beam; A, is the column cross sectional

area; and I, and [, are the length of the beam and column, respectively.
The rotational restraint ratio is defined as:

Ky 12Eply 3Edc  4Eplyle
Br 7K7rc B lb / lc B Eclclb (2)

where K}, is the rotational stiffness associated with the mid-span rota-
tion of the restraining beam; K, is the end rotational stiffness of the
column;

The load ratio R is expressed as:

R=N/Ng 3)

where N is the applied load placed on the column top end and N, is the
ultimate load capacity of the column evaluated based on GB50017-2017
[16] at ambient temperature.

The detail information about the specimens is tabulated in Table 2.

2.2. Test set-up and measurements

The test specimens are heated in a fire furnace. The dimension of the
furnace is 3.6 m wide, 4.6 m long and 3.3 m high. The maximum heat
power generated by the furnace is 5 MW. Eight natural gas burners
are installed in the furnace, and the furnace temperature was recorded
by ten thermocouples placed in the test chamber over a fire test. The
plan view of the furnace is shown in Fig. 2. During the fire test, the tem-
perature readings in thermocouples (noted as FT1 ~ FT8) are used to
compare with that of ISO-834 heating curve and the control system au-
tomatically adjusts corresponding fuel supply to maintain the furnace
temperature with that of the heating curve.

A horizontal self-reaction loading system, consisting of a steel frame
and two steel restraining beams (top beam and bottom beam), was de-
signed to apply loading on the test specimen and provided desirable

Table 2

Parameters of the specimens.
Specimen No. End restraint Load (ratio) Ba Br
S-1 Axial 0.25 0.45 0
S-2 0.40 0.45 0
S-3 0.25 0.17 0
S-4 0.40 0.17 0
S-5 Axial and rotational 0.20 0.45 36
S-6 0.20 0.17 14
S-7 0.36 0.45 36
S-8 0.38 0.17 14
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Fig. 2. Plan view of the fire furnace.

boundary conditions for specimen. The frame was horizontally placed
on the top of furnace. Axial load applied on the test specimen by a hor-
izontal hydraulic jack with capacity of 1000 kN. For the axially re-
strained columns, the top steel restraining beam provides an axial
restraint on the test column as the temperature increases. For the axially
and rotationally retrained columns, the top restraining beam provides
not only the axial restraint but also the rotational restraint, and the bot-
tom restraining beam only provides the rotational restraint to the col-
umn end. The axial restraint at the bottom of the specimen is
provided by the stub column which supports the bottom restraining
beam. The bottom beam hinged at the two ends is connected to frame
with use of high strength steel bolts prior to the installation of the test
column. After the installation of test specimen and top restraining
beam, the bolts at the ends of top beam keep loose in order to apply
the load on the restrained column. Until finishing applying load, the

top restraining beam will be firmly connected to frame by tighten the
high strength bolts. As the top beam was placed inside the furnace, it
was protected with fire insulation in order to maintaining the
restraining stiffness during the test. Shown in Fig. 3 is the layout of the
test frame and the specimen set-up for the specimen with extended
end-plate connections.

Thermocouples, strain gauges, and linear variable differential trans-
formers (LVDTs) were used to record the thermal and structural re-
sponses of the test columns during the fire tests. The instrumentation
of the test is shown in Fig. 3. Temperatures of the specimen were re-
corded by nine Type-K thermocouples, 2.0 mm in diameter. The ther-
mocouples were located at the 1/3, 1/2 and 2/3 of the specimen
length. Three strain gauges were placed to the short stub section con-
nected the bottom restraining beam to evaluate the axial force gener-
ated in the restrained specimen. At locations of the top and mid-
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Fig. 3. Experimental loading system layout and specimen set-up.
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height of the specimen, two LVDTS were installed to measure the axial
displacement and lateral deflection of the specimen, respectively. The
applied load on the test specimen was measured by a load cell mounted
on the hydraulic jack.

2.3. Test procedure

The test process comprises of the following steps:

(1) The specimen was first placed into the loading frame and instru-
mentations on the specimen, including the thermocouple, strain
gauges and LVDTs were subsequently installed.
After all the test devices and instrumentation being checked and
zeroed out, the applied loading from the hydraulic jack was in-
creased to 10% of target load and kept for 5 min. The load was re-
leased to zero. This preloading process was repeated twice to
ensure that all instruments exhibit linear variation with the
load and all the readings returned to their starting value after
the load was completely released. After preloading, the applied
load was increased with a loading rate of 20kN/min until it
reached to the target load. At this point, the top restraining
beam will be firmly connected to the frame and the magnitude
of the applied load was maintained throughout the duration of
the fire test.

(3) The furnace was turned on and the furnace temperature was
controlled in consistent with [SO-834 heating curve. If the axial
displacement at the top end of specimen or the lateral deflection
at the mid-height of the specimen reached the maximum range
(I./100) or failure limit (l,/20), respectively, the furnace was
turned off and the applied load was released; and the test is
terminated.

(2

~—

24. Test results

The test data obtained from the test was utilized to investigate the
behavior of restrained high strength Q460 steel column subjected to el-
evated temperature. The effects of the applied load, and axial and rota-
tional restraints on the behavior of high strength Q460 steel columns
were evaluated through the comparison with thermal responses, struc-
tural responses, and failure patterns of the specimens.

2.4.1. Temperature evolution

The temperature evolution of the furnace, column specimens and
top beams are plotted in Fig. 4. It can be seen that the furnace tempera-
ture was unable to match with that of ISO-834 curve initially due to the
limitation of the maximum heat power of the furnace. However, a few
(3-5) minutes later, the furnace temperature matched to 1SO-834
curve closely. The column specimen was directly exposed to fire and
its temperature increased quickly, which was attributed to the fact
that the flange and web are thin and as well as the thermal conductively
of steel are very high. The dispersion of temperatures across the column
cross-section recorded by thermocouples showed it was less than 50 °C.
Therefore, the effect of non-uniform distribution of the temperature in
the column was negligible and the average temperature of the column
was employed to represent the temperature of the specimen in the dis-
cussion of structural responses of specimens. During the test, the top
restraining beam was wrapped with fire insulation and the correspond-
ing temperature is relatively slow with the maximum temperature
being only approximately 220 °C.

24.2. Axial displacement and lateral deflection

According to the previous research [7], for a restrained mild steel
column in fire condition, the temperature at which the axial force
reaches the maximum magnitude is defined as buckling temperature
whereas the temperature associated with that when the axial force
returns to its initial magnitude is defined as the failure temperature or

critical temperature. When the axial displacement induced by thermal
expansion approaches the maximum value, the axial force generated
due to the axial restraint also reaches the maximum value.

[llustrated in Fig. 5 are the variations of the axial displacements of
the specimens versus the time duration and specimen'’s temperature.
As shown in the figure, the axial displacements increased gradually
and with an abrupt drop when the maximum displacements are
reached. From the fact that all the specimens failed at elevated temper-
ature within 25 min, it can be concluded that the unprotected high
strength steel columns are quite sensitive to fire. The failure tempera-
ture (T;) of the specimens based on the abrupt change in axial displace-
ments can be determined from Fig. 5 and they are tabulated in Table 3. It
can also be found from Fig. 5 that the load ratio is also a critical factor to
influence the fire resistance of the restrained column. At the same ap-
plied load ratio, taking an example of specimens S-1 and S-3, the speci-
men with higher axial restraining stiffness yields smaller axial
displacement. It can be concluded that at the same applied load ratio,
larger axial restraining stiffness would result in lower failure tempera-
ture of the columns. This can be attributed to the fact that the higher
axial restraining stiffness would produce larger thermal force in the col-
umn. Consequently, the higher the axial force in the column would re-
sult in a lower the failure temperature.

It was observed that specimens S-1 and S-2 reached to a metastable
state in post-buckling phase after the column specimens lost their ca-
pacities of resisting applied load due to buckling. In this phase, the ap-
plied load was resisted by the top restraining beam instead of the
column. It should point out that this phenomenon was only observed
for the column specimens with high axial restraining stiffness and rela-
tive lower load level, such as shown in S-1 and S-2. This phenomenon
was not observed in columns with low restraining stiffness. In fact,
this phenomenon was also observed in investigations of the restrained
mild steel column by Franssen [17] and Wang [18].

The relationship between the lateral deflection at the mid-height of
the specimen and the time duration and the temperature at mid-height
of specimens is presented in Figs. 6(a) and (b), respectively. It can be
seen from the figures that at initial stage of heating, the lateral deflec-
tion remains quite stable prior to reach the failure state. Abrupt increase
of the lateral deflection was observed for all the specimens. The transi-
tion period from stable to failure state took a few seconds and the corre-
sponding increase of the lateral flection was approximately about
200 mm. It 1 s also observed that some specimens experienced negative
deflections in the initial stage of heating, such as specimen S-4. This may
result from that the measurement of the deflection is located at the
flange of the specimen, the negative deflection can be attributed to pos-
sible flange curling and torsion of the specimen in the initial heating
stage.

In the case that the specimens are only subjected to the axial re-
straint, it is noticed from Fig. 5 that it took longer for specimen S-6 to
reach the failure than that of specimen S-5 even though the both spec-
imens were subjected to the same applied load. This is primarily due to
the top restraining beam connected to S-5 was stiffer which yields a
higher value of axial restraint ratio. Consequently, the higher value of
axial restraint ratio results in a higher axial force associated with ther-
mal expansion in the specimen as discussed in Section 2.4.3 and illus-
trated in Fig. 7. However, in the case that columns were subjected to
both axial and rotational restraints, different from what was observed
from specimens S-7 and S-8, it took a longer time for specimen S-7 to
failure even though the axial restraint ratio of S-7 was greater than
that of S-8. The reason of that is attributed to the higher value of the ro-
tational restraint ratio associated with S-7 which enhanced the capacity
of the specimen against the flexural torsional buckling comparing to
that of specimen S-8.

2.4.3. Axial compressive force in the specimen
The variations of the axial force ratio, P/Py, with the time duration
and specimens' temperature are showed in Fig. 7, where P denotes the
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Fig. 4. Temperature distributions of furnace, specimen and top restraining beam. (a) Specimen S-1 (b) Specimen S-2. (c) Specimen S-3 (d) Specimen S-4. (e) Specimen S-5 (f) Specimen S-

6. (g) Specimen S-7 (h) Specimen S-8.

axial force calculated based on the elastic modulus and strain of the stub
column connected to the bottom end of the test specimen measured
from the test; Py is the applied load on top of the specimen. The axial

force induced by thermal expansion in the axially restrained column is
greater for the column with the higher value of the axial restraint
ratio and the lower value of the applied load ratio, which consequently
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Fig. 5. Axial displacements of test specimens. (a) Relationship between axial displacement and

leads to a higher value of P/Py, such as the case of S-1. The similar
phenomenon is also observed for the specimen with both axial and ro-
tational restraints and is clearly illustrated by specimen S-5 in the figure.
The axial force in the column declined quickly after large lateral defor-
mation was observed which signified the failure of the column.

Based on the aforementioned discussion, in addition to the failure
temperature (T;), defined based on the axial displacement of the spec-
imen, the axial force of the specimen can be alternatively adopted to de-
fine the failure temperature (T) of the specimen. For the reason of
comparison, in the failure temperatures T; and T, are presented in
Table 3. It can be seen from the table there are some discrepancies
among the failure temperatures T; and T, particularly for specimen S-
8. The discrepancy can be attributed to the fact that the calculated
axial force may not always that accurate by using strain obtained from
the stub at the top of the specimen since the bottom beam could resist
the axial force of the specimen in some degree.

2.4.4. Failure mode

Fig. 8 shows the failure modes of the test specimens. It is clearly that
the failure modes of the specimens are influenced by the type of end re-
straints and magnitude of applied load. For the specimens S1 to S4, as
the rotation about the weak axis of the specimens is not restrained,
the failure mode is the flexural buckling about the weak axis of the spec-
imens. For specimens with both axial and rotational restraints, in case of

Table 3
Critical temperature and failure time of the specimens.

Specimen No. s-1 S$2 S3 S4 S5 S6 S7 S8

Buckling temperature/°C 606 493 582 530 607 617 512 412
Failure temperature T;/°C 620 510 625 564 655 688 564 454
Failure temperature T,/°C 652 550 603 558 669 699 560 356
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low magnitude of applied load, specimens S-5 and S-6, flexural buckling
about the weak axis of the specimens was observed no matter the mag-
nitudes of axial and rotational restraints. However, for the specimens
subjected to high magnitude of applied load and with both axial and ro-
tational restraints, S-7 and S-8, flexural torsional buckling was observed
as indicated in Figs. 8 (g) and (h). The flexural torsional buckling can be
attributed to the fact that the temperature distribution in these two
specimens at the failure time may not be uniform. Considering the fact
these two specimens were subjected to a higher applied load ratio and
the corresponding flexural torsional buckling failure occurred at an ear-
lier stage comparing to that of other specimens which were subjected to
alower applied load ratio. In the early stage of the test, the temperature
increases quickly and the effects of non-uniform distribution can be
more significant than that in the later stage. The non-uniform tempera-
ture distribution in the specimen may result in the stiffness distribution
of the specimen is no longer double symmetrical. As for the other spec-
imens, the flexural buckling failure happened in a longer fire exposure
time due to the low applied load ratios and the corresponding temper-
ature distribution at this stage is relatively uniform. Therefore, it ap-
pears that the failure mode of the specimens is more sensitive to the
magnitude of applied load other than the magnitudes of axial and rota-
tional restraints. Further investigations on the behaviour of the columns
with the high applied load ratio and effect of non-uniform temperature
distribution on the column failure mode are needed in future research.

2.5. Comparison with restrained mild steel columns

In order to investigate the difference of the fire responses between
the restrained columns with high strength steel and mild steel. Test re-
sults of specimen RS97_4 in a fire test conducted by Tan et al. [19] was
selected for the comparison with that of specimen S-2 in this investiga-
tion since both specimens have identical slenderness ratio of 96, applied
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load ratio of 0.5 and axial restraint stiffness ratio of 0.16. It can be seen
from Fig. 9 there are significant differences between the maximum
axial displacement and P/P, ratio because the length of RS97_4 is only
1.5 m, which is considerably shorter than that of S-2. However, it is no-
ticed that P/P, ratios of the two specimens follow a close evolution in the
early stage of the elevated temperature. It should point out that with the
same test conditions, axially restrained column of Q460 steel generally
exhibits much better fire resistance than that of mild steel. This conclu-
sion also can be drawn by comparing the test results of this investiga-
tion with that of tests performed by Ali et al. [20]. The failure
temperatures of axially restrained mild steel columns with slenderness
of 98 ranged from 333 to 410 °C for applied load ratios and axial re-
straint stiffness ratios within a range of 0.4 and 0.6 and 0.1 and 0.2, re-
spectively. Studies [7] on fire resistance of restrained steel columns
have shown that increase of either the applied load or axial restraint
stiffness would lead to a greater reduction in the failure temperature.
For a column with the applied load ratio of 0.3, the axial restraint
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stiffness ratio of 0.34, and a slenderness of 51 similar to that of specimen
S-7 in this investigation, the failure temperature of column HEA200-
K128-L30 was approximately 515 °C as reported in [15], which is less
than 564 °C obtained from this investigation for specimen S-7. Such ob-
servation can be explained that reduction factors of material properties
for high strength steel Q460 at elevated temperature are greater than
that of mild steel given in EC3 [13].

3. Finite element simulation

Fire test of full-scale specimen is costly and time consuming. Finite
element simulation has been widely adopted as it can generate reason-
able predictions for both thermal and structural responses of structures.
The finite element software ANSYS was employed to perform fire re-
sponse analysis of restrained high strength Q460 steel columns. Tem-
perature dependent thermal and mechanical properties of the steel
were adopted in the analysis and the restrained high strength Q460

0 100 200 300 400 500 600
Temperature (min)

(b)

Fig. 9. Fire resistance comparison between mild and high strength restrained steel columns. (a) Axial displacement (b) Axial applied load ratio.
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Fig. 10. FE model for thermal analysis.

steel columns with different magnitudes of the applied loads and
boundary conditions were exposed to four-side fires in the simulation.
Thermal and structural model of the column was established for finite
element thermal and structural analysis, respectively.

3.1. Thermal analysis model

The analysis results from the three-dimensional finite element anal-
ysis of steel column subjected to standard ISO-834 fire indicated that
the temperature in the steel column was uniformly distributed along
the column length [21]. Therefore, a simple two-dimensional (2D) finite

)
S

element analysis model to simulate the temperature distribution in
cross-section was established. The steel column section was modeled
by using element PLANE55 in ANSYS, which has four nodes with a single
degree of freedom (temperature) at each node. Heat conduction can be
simulated by specifying appropriate property for the thermal conduc-
tivity of the steel. In this investigation, the property specified in EC3
was adopted. To simulate the effect of heat convection and thermal ra-
diation, the surface of PLANE55 2D thermal solid element was covered
by SURF151 element, as depicted in Fig. 10. In the thermal analysis the
recorded furnace temperature from the test was assigned to the ex-
posed surface of SURF151 element. The value of convection coefficient
was given in Chen [22] and the Stefan-Boltzmann radiation constant
of 0 = 5.67 x 1078 W/(m? K*) was used in the analysis. The thermal
conductivity, convection coefficient, steel density, and heat specific, as
per EC3, were plotted in Fig. 11a.

3.2. Structural analysis model

The mechanical model of the restrained steel column with two dif-
ferent column end boundary conditions and the applied load were
shown in Fig. 12. Due to the large values of slenderness ratios,
BEAM188 element was adopted to model the columns and connected
restraining beams. BEAM188 element is Timoshenko beam element
with both effects of shear deformation and large deformation being
taken into accounted [23]. The pin-ended joint between the restraining
beam and the column was simulated by using multipoint constraint el-
ement MPC184. Such element can also simulate a rigid joint element by
using two nodes at same location and is capable of considering large de-
formation and nonlinear material behaviour. With using PLANETS2 ele-
ment, the cross-section mesh of the column specimen and restraining
beam was shown in Fig. 13. The column and beam were both divided
into 50 segments in their longitudinal direction. The constitutive
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Fig. 11. Physics parameters of Q460 steel. (a) Thermal property parameters of Q460 steel (b) Mechanical parameters of Q460 steel
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Fig. 12. Analytical model of ANSYS.
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Fig. 13. FE model mesh.

models of Q460 and Q235 steel are bilinear ideal elastoplastic model, re-
spectively. The corresponding mechanical properties at elevated tem-
perature are presented in Fig. 11b, where the Poisson's ratio and
thermal expansion coefficient are adopted from EC3. Elastic modulus
and yield strength were determined in according to test results of
Lange [24] and Wang et al. [14]. The variation of residual stress as a func-
tion of temperature proposed by Wang et al. [25] was adopted to calcu-
late residual stress at elevated temperature. The geometric imperfection
was incorporated into the model as following;:

A= ﬁ sin (?) 4)

3.3. Model validation

The thermal analysis indicated that the maximum temperature lo-
cated at the flange edges of the column section and the minimum tem-
perature located at the intersection between the column web and
flange. The maximum and minimum temperatures are presented in
Fig. 14. It can be seen that the difference between these two tempera-
tures is insignificant as the difference is less than 36 °C. Such trivial dif-
ference can be neglected because resulted variations of the yield
strength and elastic modulus are very small. Therefore, the temperature
in the steel column can be considered as uniformly distributed. For the
eight fire tests presented in this study, the temperature evolution and
structural response of the specimens were all simulated with the finite
element analysis. The only differences in the model of each specimen
were the applied load level and restraint ratio. Good agreements have
been achieved between the numerical and experimental results in
terms of axial displacement and deflection at the mid-height. For the
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Fig. 14. Maximum and minimum temperatures of cross-section by thermal analysis.

purpose of the demonstration, thermal and structural analysis models
were validated by comparison of the numerical results with the test re-
sults of specimen S-5 and S-6. Fig. 15 shows the column temperatures
obtained by the finite element model and the test for section I, Il and
Il shown in Fig. 3. It can be seen from the figure the numerical and ex-
perimental results are in good agreement.

In Fig. 16, Predictions on the axial displacements and lateral deflec-
tions of specimens S-5 and S-6 obtained by ANSYS are compared with
the corresponding test results. In the test, if the column specimen expe-
rienced a large deformation, the test would be stopped immediately for
the safety reason and avoidance of potential damages to the furnace.
However, in the finite element analysis, the simulation would keep on
going as long as the result convergence could be achieved. Thus, the pre-
dicted final deformation could exceed that was obtained from the test.
Generally, the results obtained from the finite element modelling are
less conservative than the tests. It can be found that the predicted
axial displacements agrees well with the test results for the temperature
up to 520 °C. For the lateral deflection at mid-height of the column, the
predicted results agree well with test ones for the temperature up to
550 °C. The discrepancies of the predicted and test results for both the
axial displacement and lateral deflection become to increase when the
temperatures exceed the aforementioned values. The maximum differ-
ence of buckling temperature obtained from the prediction and test is
approximately 50 °C The difference can be attributed to three possible
reasons; one is that the local geometric imperfection was not consid-
ered in the analysis; and secondly the creep deformation of the steel col-
umn was not taken into consideration in the analysis; and the third
reason for the discrepancy could be the variation in material properties
at elevated temperatures, given that the assumptions for the material
models are adopted from other studies [14,24] and not from a direct
material testing of the specimen.

As for the failure mode, the results of finite element modelling indi-
cated that flexural buckling about the weak axis is predominate failure
mode for all eight specimens. This is true for all the specimens except
S-7 and S-8 in which flexural torsional buckling was observed in the
tests. As previously explained in Section 2.4.4, the flexural torsional
buckling associated with S-7 and S-8 may result from the high applied
load ratio and possible non-uniform temperature distribution in the
specimens at the early stage of fire exposure. In the finite element
modelling, the possible non-uniform temperature distribution was not
accounted. Consequently, the failure mode obtained from the finite ele-
ment modelling for S-7 and S-8 are flexural buckling about the weak
axis.

4. Parametric study
To facilitate parametric studies, a simplified finite model of the col-

umn was established by replacing the restraining beam at each end of
the column with an elastic spring as shown in Fig. 17. The spring
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Fig. 15. Comparison of numerical and experimental results. (a) Specimen S-5 (b) Specimen S-6.
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Fig. 16. Comparison of column responses between test and prediction. (a) Axial displacement (b) Deflection at mid-height.

element is COMBIN14 element, which has ability to simulating elastic
springs associated with axial and torsional deformation in 1-D, 2-D, or
3-D models. The axial and torsional stiffness of COMBIN14 element
were determined by that of the restraining beam.

The simplified finite model shown in Fig. 17 and analytical model
shown in Fig. 12 were employed to simulate the fire test of specimen
S-5. The results obtained from the both models are presented in Fig.
18 for the reason of comparison. In general, good agreements on both
of the lateral deflection and axial displacement except minor deviations
on the axial displacement when the temperature exceeds 700 °C. The
analytical model is capable of simulating the fire test with both constant
and variable end restraining stiffness which corresponding the elastic
and inelastic behaviour of the restraining beam, respectively. The sim-
plified model, however, is only applicable to the steel column with the
constant end restraining stiffness. In the parametric study, the validated
simplified finite element model was employed to perform the analysis
of investigating effects of axial and rotational restraints, and as well as
the applied load and column slenderness ratios on the buckling and fail-
ure temperatures. The effect of residual stress and global geometric im-
perfections were taken into accounted in the parametric study.

4.1. Axial restraint stiffness

The influence of the axial restraining stiffness on fire resistance of re-
strained mild steel column has been studied by many researchers. Fire
tests on restrained steel column conducted by Rodrigues et al. [26]
showed that the axial restraint could decrease the buckling temperature
of the steel column; and the column with the larger the axial restraining
stiffness the axial force would drop more slowly after the buckling of the
column. The realistic values of the axial restraint ratio for structural steel
frames in practice are approximately ranged from 0.004 to 0.05 [27].

The relationships between the axial force and temperature for differ-
ent axial restraining stiffness were plotted in Fig. 19, in which the rota-
tional restraint ratio (3, was taken as 0 and the applied load ratio is 0.5.
Analysis results indicated that the buckling temperature and failure
temperature of Q460 steel column reduced with the increase of axial
restraining stiffness and the axial force decreased more slowly after
the buckling for columns with larger axial restraining stiffness. When
axial restraint ratio 3, reached to 10, the axial restraining spring under-
took the majority the applied load after the buckling of the column
which resulting in a higher failure temperature. It can be seen from
Fig. 19 that the difference between buckling and failure temperature is
greater for columns with larger axial restraining stiffness. Consequently,
the post buckling stage stretches a longer range and the column can sur-
vive longer time duration in fire because of the lager axial restraining
stiffness.

4.2. Rotational restraining stiffness

The FE analysis carried out by Valente and Neves [28] indicated that
the failure temperature of steel column is higher for columns with larger
rotational restraining stiffness until it reached to a certain magnitude.
Wang et al. [7] reported that the axial force-temperature curves was
similar to that with rotational restraint ratio of 2.0 when the rotational

p COMBIN14 COMBIN14

%
7

T

T
BEAMI188

Fig. 17. FE model of restrained steel column for parametric analysis.
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Fig. 19. The effect of axial restraint on fire behavior of the column. (a) Curves of axial force and temperature (b) Buckling and failure temperature.

restraint ratio (3;) exceeded 2.0. In structural steel frames, the rota-
tional restraint ratio for a column is not only related to the stiffness of
the connected beams but also that of beam-to-column connections
[29], which is often within the range of 0-1.0 [30]. The influence of
the rotational restraint on Q460 steel column was presented in Fig. 20,
where 3, = 0.05, py = 0.5 and A = 90. From the analysis results, the
limit of rotational restraint ratio on the mild steel column is also appli-
cable for high strength Q460 steel column and the critical value of the
rotational restraint ratio for Q460 steel column can be taken as 1.0.
That is, if the rotational restraint ratio is less than 1.0, the higher rota-
tional restraint ratio would result in the higher buckling temperature.
When the rotational restraint ratio exceeds 1.0, the effect of the rota-
tional restraint ratio on buckling temperature is not obvious.
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4.3. Applied load ratio

Based on a study by Wang [18] on the fire resistance of restrained
mild steel columns, it was found that that the axial force in the column
would drop slowly when the applied load ratio is less than 0.5. How-
ever, the rate of the axial load decrease became more rapidly if the ap-
plied load ratio is greater than 0.5. The effects of applied load ratio on
fire resistance of an axially restrained Q460 steel column from the para-
metric study were shown in Fig. 21, where 3, = 0.05, 3, = 0 and A = 90.
Both analysis and test results showed a similar trend which supports the
aforementioned conclusion. It was also observed that from the figure
that the increase of the applied load ratio, both of the buckling and fail-
ure temperatures decrease. This indicates that the higher of the applied
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Fig. 20. The effect of rotational restraint on fire behavior of column. (a) Relationship of axial force and temperature (b) Buckling and failure temperature.
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Fig. 21. Effects of applied axial load on fire resistance of the restrained Q460 steel column. (a) Curves of axial force and temperature (b) Buckling and failure temperature.

load ratio, the deterioration of the fire resistant of Q460 steel column
would be more severe. In addition, the drop of the axial force after col-
umn buckling becomes more rapidly and the difference between the
buckling and failure temperatures comes to be smaller with higher ap-
plied load ratio. This may explain the reason of the axial restraint delays
the failure of Q460 steel column when the applied axial load is relatively
small.

4.4. Column slenderness ratio

Fig. 22 shows the effects of column slenderness ratio on the fire re-
sistance of restrained Q460 steel column with 3, = 0.05, 3, = 0 and
pn = 0.5. It is evidenced that both of the buckling and failure tempera-
tures decrease with the increase of the slenderness ratio and the slen-
derness ratio has a minor influence on the failure temperature when
the ratio is less than 60. When the slenderness ratio is less than 60,
the drop rate of the axial force becomes slower as the decrease of the
slenderness ratio which results in larger differences between the buck-
ling and failure temperatures. When the slenderness ratio ranges be-
tween 60 and 90, the effect of the slenderness ratio on the difference
between the buckling and failure temperatures is very minor. However,
the difference becomes to increase as the increase of the slenderness
ratio when the ratio exceeds 90.

5. Conclusions

Based on the aforementioned experimental and numerical investi-
gations on the fire behavior of restrained high strength Q460 steel col-
umns, the following conclusions can be drawn:

(1) Restrained high strength Q460 steel columns without fire protec-
tion are quite sensitive to the elevated temperature even though
the applied axial load is relatively small and the columns can only
survive approximately 20 min in fire scenario of ISO-834.

(2) Applied load ratio is a critical factor to influence the fire resis-
tance of the restrained high strength steel column.

For the columns subjected to the same magnitude of the applied
load, the one with the larger axial restraining stiffness would re-
sult in a lower buckling temperature. In addition, the columns
with the lager axial restraining stiffness, the corresponding post
buckling stage is prolonged and the columns can survive a longer
in fire duration.

At the same condition, the fire performance of the restrained high
strength steel columns is better than that of mild steel columns.
When the rotational restraint ratio is less than 1.0, the higher value
of the rotational restraint ratio would result in a higher buckling
temperature. But the efficiency of the rotational restraint ratio on
buckling temperature becomes less effective if the ratio exceeds
1.0

For the axially restrained high strength steel column with smaller
slenderness ratio, the axial force drops slowly after the column
bucked which consequently results in a larger difference between
the buckling and failure temperatures for the column with slen-
derness ratio less than 60. There is a minor influence on the differ-
ence between the buckling and failure temperatures when the
slenderness ratio ranged between 60 and 90. Once the slenderness
ratio exceeds 90, the difference between the buckling and failure
temperatures increases as the increase of the slenderness ratio.
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