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Abstract.

This paper presents an investigation on the fire resistance of high strength fiber reinforced concrete filled box

columns (CFBCs) under combined temperature and loading. Two groups of full-size specimens were fabricated. The control
group was a steel box filled with high-strength concrete (HSC), while the experimental group consisted of a steel box filled with
high strength fiber concrete (HFC) and two steel boxes filled with fiber reinforced concrete. Prior to fire test, a constant
compressive load (i.e., load level for fire design) was applied to the column specimens. Thermal load was then applied on the
column specimens in form of ISO 834 standard fire curve in a large-scale laboratory furnace until the set experiment termination
condition was reached. The test results show that filling fiber concrete can improve the fire resistance of CFBC. Moreover, the
configuration of longitudinal reinforcements and transverse stirrups can significantly improve the fire resistance of CFBCs.
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1. Introduction

Building fires can affect the loadbearing capacity of
structural bearing elements, thereby causing structural
damage or collapse. Thus, most building codes stipulate that
the structural members of any structure or building have to
satisfy appropriate fire safety requirements (ACI-318 2014,
Eurocode 2 2004, Kodur 2014). Usually, fire safety
measures to structural members are measured in terms of
fire resistance, which is the ability of a particular structural
member to fulfil its designed function for a period of time
in the event of a fire (Purkiss 2007).

The structural design of steel reinforced concrete
(hereafter designated as SRC) structures can effectively
combine the individual features of steel structures and
reinforced concrete structures (Liu et al. 2014). In addition,
SRC structures have several practical benefits. For instance,
compared with bare steel or reinforced concrete columns,
the use of concrete filled box columns (CFBCs) may have
as a relatively small sectional dimension, omission of
formwork and thus reducing the construction cost and time
(Han et al. 2005). Consequently, CFBCs have been widely
used in high-rise buildings and plant construction
throughout the world over the past few decades (Lie and
Kodur 1996, Kodur et al. 2004, Eurocode 4 2005, Kim et
al. 2005, Kodur 2007, Ding and Wang 2008, Espinos et al.
2009, Hong and Varma 2009, Song et al. 2010, Aslani et al.
2015, Qu ef al. 2015, Khan et al. 2016, Ekmekyapar 2016,
Mago and Hicks 2016, Tao et al. 2016, Wan and Zha 2016).

In recent years, the use of high-strength concrete
(hereafter designated as HSC) with compressive strength
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higher than 40 MPa has become increasingly popular. A
number of fire test results show that there are significant
differences between HSC and normal-strength concrete
(NSC) after being subjected to high temperature. In general,
HSC exhibits slightly lower specific heat throughout the
20-800°C temperature range, as compared to NSC (Kodur
and Sultan 2003). Moreover, HSC elements are susceptible
to explosive spalling when subjected to rapidly rising
temperatures such as in the case of a fire (Castillo and
Durrani 1990, Sanjayan and Stocks 1993, Phan and Carino
1998, 2002). Consequently, the integrity and loadbearing
capacity of the structure may be reduced. However, the
strength degradation in HSC at elevated temperatures is not
consistent and there are significant variations in strength
loss, as reported by various authors (Kodur 2014).

Fiber reinforced concrete (FRC) consists of concrete and
discontinuous, discrete, uniformly dispersed fibers
(Somayaji 2001). Overall, FRC is much tougher and more
resistant to impact, compared to plain concrete. According
to the nature of the material, fiber may be classified into
metal fiber, inorganic fiber and organic fiber. Metal fibers
can be further divided into steel fibers and stainless steel
fibers; inorganic fibers are mainly natural and artificial
mineral fibers; organic fibers are mainly synthetic fibers
and plant fibers. Fibers of various shapes and sizes
produced from steel, plastic, glass, and natural materials are
generally being used (Metha ef al. 2006). The tensile
strength, Young’s modulus, ultimate elongation, and
specific gravity of various kinds of fibers are shown in
Table 1 (ACI Committee 544 1982). On the other hand,
aspect ratio, defined as the ratio between the fiber length
and diameter, is an important characterizing parameter that
affects the performance of a fiber (Somayaji 2001).
Addition of fibers to concrete influences its fresh and
mechanical properties which significantly depend on the
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Table 1 Typical types and properties of fibers

Tensile  Young’s Ultimate

Fiber type strength  modulus elongation SI; Zf/li?c
(ksi)  (10°ks)) (%) gravity
Acrylic 30-60 0.3 25-45 1.1
Asbestos 80-140 12-20 ~0.6 32
Cotton 60-100 0.7 3-10 1.5
Glass 150-550 10 1.5-3.5 2.5
Nylon
(high tenacity) 110-120 0.6 16-20 1.1
Polyester
(high tenacity) 105-125 1.2 11-13 1.4
Polypropylene ~100 0.02-0.06 ~10 0.95
Polyethylene 80-110 0.5 ~25 0.90
Rayon
(high tenacity) 60-90 1.0 10-25 1.5
Rock wool
(Scandinavian) 70-110 10-17 ~0.6 2.7
Steel 40-400 29 0.5-35 7.8

type and percentage of fiber (ACI Committee 544 1982,
Naaman 1985). In general, the appropriate aspect ratio of
the steel fibers is about 50 to 100, and the fiber content is
generally 1 to 2% (volume percentage). In practice, the
workability of FRC decreases with increasing aspect ratio.
In particular, if the aspect ratio is greater than about 100, it
is very difficult to achieve a uniform mix (Swamy and
Mangat 1974).

Since the 1970s, a great number of fire, static, and
dynamic tests have been carried out to explore the effects of
type, shape, aspect ratio and content of the fiber on the
mechanical properties of FRC and the toughness of FRC
components (Krenchel 1974, Swamy and Mangat 1974,
ACI Committee 544 1982, Bilodeau et al. 2004, Sideris et
al. 2009, Ding et al. 2012, Ozawa and Morimoto 2014, Yan
et al. 2015, Kim et al. 2016, Lee and Yi 2016, Xu et al.
2016). It was observed that the extent of explosive spalling
can considerably be reduced by use of adequate amount of
polypropylene (PP) fibers (Hannant 1998, Tatnall 2002,
Atkinson 2004, Larbi and Polder 2007). The reason is the
burning of PP fibers produces microchannels for release of
vapor pressure of concrete, and thus the amount of heat

Table 2 Design of CFBC specimens and summary of test information

absorbed is less for dehydration of chemically bound water
(Bilodeau ef al. 2004, Kodur 2014). As a result, its specific
heat is reduced in the temperature range of 600-800°C
(Kodur 2014). In other words, during the high temperature,
PP fibers can mitigate or prevent the explosive spalling
(Atkinson 2004, Poon et al. 2004, Sideris et al. 2009, Ding
et al. 2012, Ozawa and Morimoto 2014, Yan ef al. 2015). In
addition, Ozawa et al. studied the spalling behavior of ultra-
high-strength fiber-reinforced concrete (UFC) with PP, jute,
and water soluble polyvinyl alcohol (WSPVA) fiber in the
temperature range of 400-800°C. They inferred that adding
0.19% by volume of natural jute fibers to UFC is an
effective method in the prevention of spalling-related
damage (Ozawa et al. 2014). In view of the above, this
study aims to investigate the fire resistance of high strength
fiber reinforced concrete filled box columns under
combined temperature and loading.

2. Experimental procedure
2.1 Experimental program

The design and planning of CFBC specimens are given
in Table 2. As can be seen from Table 2, two groups of full-
size specimens were cast to consider the effect of type of
concrete infilling on the fire resistance of CFBCs. The
control group was a steel box filled with HSC, while the
experimental group consisted of a steel box filled with high
strength fiber concrete (HFC) and two steel boxes filled
with fiber reinforced concrete. Take into account the
rheological and mechanical properties of the HFC, the fiber
content used was 1% (volume fraction). The presence of
fibers at this volume fraction can avoid the workability
problem (balling and clumping of fibers) of composites
associated with the addition of PP fibers. At the same time,
it can increase the modulus of rupture and fracture
toughness of the HFC. In addition to CFBC'’s fire test, the
residual compressive strength of HSC and HFC cylinders
(120 mm diameter x 240 mm height) after exposure to
elevated temperatures was also carried out.

2.2 Casting of specimens

The column specimens had square cross sections, as
shown in Fig. 1. All the columns were 3000 mm long. All
the steel sections of the specimens were made of steel plates

Group type Spfﬁz]en e F R (rz;ﬁ) (mSm) (I\I/Tifa) (G%a) (hl/;ga) (kfpa) S&Eﬁ? Slu(?nringow
Control group c1 028 - 0 - - 414 2059 48 270 745
El 028 1% 0 - - 414 2059 44 250 540
Experimental group E2 028 1% 6% 60 150 414 2059 483 44 250 540
E3 028 1% 6% 60 300 414 2059 483 44 250 540

*Notes: 775, = load level for fire design; F* = fiber content (Volume %); R = reinforcement ratio=Ay/(4+A.),
A, = cross-sectional area of the concrete, A; = cross-sectional area of the reinforcing bars;
u, = minimum axial distance of reinforcing bars; S = stirrup spacing; F,, = yield strength of the steel;
E; = steel modulus of elasticity; F,, = yield strength of the reinforcing bars; fc/ = compressive strength of concrete
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Fig. 1 Cross section of CFBC specimens

of 12 mm thickness. These plates were joined by longi-
tudinal full penetration welding. To achieve composite
action between the concrete and steel plates, shear studs
were provided for all the column specimens. In addition, no
external fire-proofing was provided for the steel.

The cement used here was Type I Portland cement with
a specific gravity of 3.15 and a fineness of 3400 cm*/g. The
fine aggregate was natural river sand. The coarse aggregate
was crushed stone with a maximum particle size of 19 mm.
The density of the polypropylene fiber used was 0.9 g/cm’.
The mix proportions for the concrete are shown in Table 3.
The fiber content in the experimental group was 1% of the
concrete volume. The slump flow test, V-funnel test, and
passing ability using U-type test were adopted to assess the
workability of the concrete. The aforementioned test results
met regulatory requirements for self-compacting concrete.
The average measured cylinder compressive strength (f}.) on
the testing day for different column specimens was 44-48
MPa.

Table 3 Mix proportions of concrete

Cement Slag Flyash Water FA CA SP
(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m’)

356 76 76 178 889 780 8.14

*Notes: FA = fine aggregate, CA = coarse aggregate,
SP = superplasticizer (HICON MTP A40)

Freshly mixed concrete was slowly poured in the steel
box columns by use of a concrete placement bucket and a
funnel, followed by controlled vibrations. Along with each
mix, enough cylindrical specimens were cast for
compressive strength test. All the column specimens and
cylinders were covered with a wet hessian and plastic sheets
overnight. Then, the cylinders were removed from the
molds. Following demolding, the cylinders were
immediately submerged in a water curing tank in the
laboratory until the time of testing. All the column
specimens were placed indoors for 91 days under indoor
curing conditions. On the other hands, the compressive
strength of three concrete cylinders for each mixture
proportion was tested at ages of 3, 7, 14, 28, 56, and 91
days, respectively.

2.3 Test set up and procedure

Prior to the fire test, the column specimen was installed
in the furnace as shown in Fig. 2; and then a constant
compressive load (i.e., load level for fire design) was
applied to the column specimen. The load level for fire
design corresponded to 28% of the nominal compressive
strength of the specimen, which is the design value of the
buckling resistance of the column at room temperature. The
nominal compressive strength Pr is defined in the Taiwan
Design Code for SRC Structures (Taiwan Construction and
Planning Agency 2004) as

Pn = ¢L‘S Rls + ¢L‘)’C Pm'c ( 1)

where P,; = nominal steel compressive strength; P, =
nominal compressive strength of the reinforced concrete of
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Fig. 2 Test setups for CFBC specimens
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the SRC column; ¢, and ¢, =
compression.

The temperature from the specimen’s surface to the
inner central core was measured with type K thermo-
couples. Fig. 3 shows the thermocouples were placed at
different depths in four sections of the column. In each
section (Fig. 3), six thermocouples (i.e., S1-S6) were
welded to the steel plate surface, while five thermocouples
(i.e., C1-C5) were embedded in the concrete core at
different depths. To measure the axial displacements of the
columns, linear variable displacement transducers were
used. They were placed on the top and bottom of the test
columns. Thermal load was applied on the columns in form
of ISO 834 standard fire curve in a large-scale laboratory
furnace until the set experiment termination condition was
reached. The temperature inside the furnace was controlled
by 18 gas burners, and 14 thermocouples were used to
monitor the furnace temperature at different locations. The
current failure criterion specified in ISO 834 is adopted in
this study, which is based on the amount of contraction and
the rate of contraction. For the columns under
consideration, these criteria correspond to a maximum
contraction of 30 mm and a rate of contraction of 9 mm/
min.

Besides, on the testing day for CFBC specimens, the
cylindrical HSC and HFC specimens were placed in a
computer-controlled electric furnace for performing a high

resistance factors for

Hold for an hour

74 Cool naturally in the furnace

/
|~

10°C/min

Furnace temperature

L —»
Time
Fig. 4 Temperature versus time curve in the furnace for the
cylindrical HSC and HFC specimens

temperature test. The specimen was heated without preload
at a prescribed rate (10°C/min) until the temperature inside
the furnace reached the target temperatures (i.e., 200, 400,
600 and 800°C, respectively). Once the targeted peak
temperature was reached, the furnace temperature was
maintained for another hour to achieve a thermal steady
state (Fig. 4). The furnace was then switched off, and the
cylindrical specimens were allowed to cool naturally in the
furnace with the door opened. After the cylindrical
specimens cooled to room temperature, the residual
compressive strength test was carried out in a compression
machine.

3. Experimental results and discussion

3.1 Residual compressive strength of
cylindrical HSC and HFC specimens

The residual compressive strength of concrete subjected
to high temperatures has a close relationship with the
factors such as dehydration and transformation reactions,
changes in porosity and pore pressures, and the differential
deformation of hardened cement paste and aggregates.
Therefore, the results of different researchers on the
residual compressive strength of concrete exposed to high
temperatures show that there are significant differences.
The effect of temperature on the residual compressive
strength of HSC and HFC is shown in Fig. 5. Test results
show that there was an increase of about 3-15% of the
original unheated value at temperatures up to 400°C. This
was similar to those reported by other researchers

E. 531
o _/50_3 62.6 —
£ | —
£ 50
g 40 V-
£ a0 v AT
e I e
£ad = . |
g o : , ‘ 7
S Room 200  400C  600C  800%C

temp.

Temperature

(a) HSC specimens

b
frls )

60 49.1 51.7

g el
é A
= 50
=]
2 40
£ 0
= —t62—
2 2 .-I_
B
3 -
g : e
j=N
£ Room  200C  400C  600°C  800°C
o temp.

Temperature

(b) HFC specimens

Fig. 5 Effect of temperature on the residual compressive
strength of cylindrical specimens
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(Chakrabari et al. 1994, Janotka and Bégel 2003, Toumi et
al. 2009, Li and Bu 2011, Hachemi et al. 2014, Mundhada
et al. 2015). The residual compressive strength increased at
200°C by 3.3% and 52% for the HSC and HFC
respectively, as compared with the room-temperature
strength. With a further increase in temperature to 400°C,
the HSC and HFC specimens reached a peak strength of
14—-15% above room temperature strength. This is because
the temperature inside the test specimen was still lower than
400 °C although the furnace temperature was maintained
for one hour. In other words, the average temperature of the
test specimen had not yet reached 400°C. Owing to rapid
drying of the concrete, the pore water, adsorbed water and
interlayer water in the specimen can be easily evaporated
(Siddique and Kaur 2012). Thus, the residual compressive
strength increased. However, at 600°C, the average
temperature inside the concrete specimen should exceed
400°C, the compressive strength should decay, and its
destruction caused by brittleness. As a result, the residual
compressive strength of the HSC specimen dropped by
11.2% as compared with the room-temperature strength,

while the HFC specimen only dropped by 3.0% as
compared with the room-temperature strength.

In addition, Fig. 6 shows the residual compressive
strength ratio (i.e., residual compressive strength to room-
temperature strength) for the HSC and HFC cylindrical
specimens. As shown in Fig. 6, the residual compressive
strength of the HFC is superior than that of the HSC. At 200
and 400°C, the residual compressive strengths of the HFC
were slightly better than those of the HSC. At a temperature
of 600°C, the residual compressive strength of the HFC can
still maintain 97% of the room-temperature strength, while
the residual compressive strength of the HSC was only 89%
of the room-temperature strength. This showed that the
incorporation of polypropylene fiber can reduce the
formation pore pressure of concrete at high temperature,
thereby reducing the occurrence of concrete disintegration.
When the temperature was raised to 800°C, the residual
compressive strength of the HSC and HFC specimens was
about 67% lower than that of the control at room
temperature. In other words, the strength loss was very
significant.

3.2 Furnace temperature versus time

Prior to the fire test, the predetermined axial
compression load was applied to the column specimens.
According to Eq. (1), the applied axial compressive loads
were 2754 KN and 2656 KN for the control group and the
experimental group respectively. Then four CFBCs were
tested to failure by exposing the loaded columns to fire.
During the test, the column was exposed to heating
controlled in such a way that the average temperature in the
furnace followed, as closely as possible, the standard time-
temperature curve of ISO 834. For example, Fig. 7 shows
the furnace temperature in the fire resistance tests for the E2
specimen. It can be seen that when the time was between 0
and 10 min., the furnace temperature in the fire resistance
tests was a little lower than the ISO 834 fire curve. After
more than ten minutes, however, the temperature followed
nearly the ISO 834 fire curve and was very uniform in the
fire tests.

3.3 Fire test results

Fire tests were carried out on the column specimens. As
expected, it was observed that the columns expand in the
initial stages and then contract leading to failure. The effect
of load and thermal expansion is significant in the early
stages, while the effect of creep becomes pronounced in the
later stages. This result was similar to those reported by
other researchers (Lie and Kodur 1996, Kodur 1999). After
the column specimens reached the aforementioned failure
criterion, the furnace was switched off and the cooling took
place in the furnace with the door closed. The fire test
results such as fire resistance, maximum axial deformation,
average temperature of steel plate upon termination,
average temperature of concrete upon termination,
maximum temperature of steel plate upon termination, and
maximum temperature of concrete upon termination are
shown in Table 4. As previously stated, the temperature
from the specimen’s surface to the inner central core was
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Table 4 Fire test results

ltem Specimen No.

Cl El E2 E3

Duration of fire test (min) 41 47 106 69

Fire resistance (min) 40 46 105 68
Maximum axial deformation (mm)* 13.6 13.9 12.7 11.7

Time required to reach maximum elongation (min) 26 27 25 24
Average temperature of steel plate upon termination (°C) 663.6 622.4 934.9 690.1
Maximum temperature of steel plate upon termination (°C)  822.1 823.5 1035.8 892.0
Average temperature of concrete upon termination (°C) 117.7 145.4 500.9 289.1
Maximum temperature of concrete upon termination (°C) 152.4 276.0 618.2 556.3

*Note: Positive values indicate expansion and negative contraction
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Fire duration

Axial deformation (mm)

(min.)  C1 specimen E1 specimen E2 specimen E3 specimen
5 0.9 0.8 1.1 1.2
10 4.8 42 4.6 4.9
15 8.5 7.9 8.2 8.1
20 11.7 11.3 11.3 11.0
25 13.5 13.6 12.7 11.6
30 10.6 12.5 9.2 7.1
35 2.9 4 52 3.7
40 -7 -1 3.1 1.
45 - -9.5 1.5 -0.6
50 - - 0.4 2.2
55 - - -0.4 -4.2
60 - - -1.1 -1.7
65 - - -1.6 -12.5
70 - - -1.9 -
75 - - 23 -
80 - - -2.8 -
85 - - -33 -
90 - - -4.0 -
95 - - -4.9 -
100 - - -6.2 -
105 - - -10.3 -

*Note: Positive values indicate expansion and negative contraction
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Fig. 10 Axial deformation versus time curves for CFBC
specimens

measured with type K thermocouples located at different
depths in four sections of the column (Fig. 3). Throughout
the fire test, the temperature of the steel plates rose with the
increasing temperature of the furnace. For example, Fig. 8
shows the temperature of steel plate versus time curves for
the C1 specimen. As can be seen in Table 4, the maximum
temperatures of steel plate upon termination were 822.1,
823.5, 1035.8 and 892.0°C for the C1, El, E2, and E3
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Fig. 11 Axial deformation rate versus time curves for the CFBC specimens
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specimens, respectively.

In addition, the recorded maximum temperature at
various locations within the concrete of the C1, E1, E2, and
E3 specimens are shown in Fig. 9. Taking the E2 specimen
as an example, it can be seen from Fig. 9(c) that the
maximum temperature recorded on the C5 measuring point
of the four sections was above 760°C. However, there was a
significant difference in the maximum temperature of each
section at other measuring points. Moreover, the highest
temperature recorded on of the concrete core (i.e., C3
measuring point) during the E2 specimen fire test was about
786°C, which appeared in section C. However, the highest
temperature recorded on the concrete core during the fire
tests of the Cl1 and El specimens was much lower
(approximately 152°C for the C1 specimen and 238°C for
the E1 specimen). The reason is the E2 specimen was
exposed to fire for about 60 minutes longer than the C1 and
E1 specimens.

3.4 Axial deformation

Axial deformations for all the column specimens are
shown in Table 5. The axial deformation of the columns
was measured by LVDTs and displacement meters located
outside the furnace. The deformation in these columns is
caused by several major factors, such as load, thermal
expansion and creep. The contraction in the column length
under the applied load is attenuated by material property
deterioration at elevated temperatures. Whereas the column
subjected to high temperatures caused thermal expansion. In
other words, the observed axial deformations of the column
specimens were the result of a combination of the
mechanical and thermal load.

Fig. 10 shows the axial deformation (y-axis) versus time
(x-axis) curve registered during the fire test. Obviously, the
columns experienced an expansion phase before being
compressed to failure due to the thermal expansion

C1 specimen
E1 specimen
E2 specimen
E3 specimen

Axial deformation (mm)
1

-35 LI I I I N I Y I Y I B B
0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)
Fig. 12 Axial deformation versus temperature curves for
CFBC specimens

behavior of the material. Basically, due to its higher thermal
conductivity and its direct exposure to fire, the steel plate
heated up more rapidly and subsequently expanded faster
than the core concrete (Kodur 2007). Moreover, with the
increased fire time, the specimen axial deformation
increases, until the maximum elongation. At that point,
contraction began immediately, as shown in Fig. 10. Taking
the C1 specimen as an example, it is shown in Table 5 that
during the first 20 minutes in the fire damage test, C1
specimen’s axial elongation was greater than that of the El
specimen. Moreover, Fig. 11 shows the axial deformation
rate versus time curves for the Cl and El specimens,
respectively. It can be clearly seen in Fig. 11 that Cl
specimen’s axial deformation rate was -21.4 mm/min when
the fire duration reached 41 minutes. In other words, the
compressive deformation rapidly increased at this moment.
In contrast, the E1 specimen was obviously compressed
until 47 minutes. Therefore, the E1 specimen filled with
fiber concrete had a better fire behavior. On the other hand,
Fig. 12 shows the axial deformation versus temperature for
all the CFBC specimens. As can be seen in Fig. 12, the
specimens began to elongate when the average temperature
of the furnace reached about 390°C; the axial elongation of
the specimens increased rapidly when the average
temperature of the furnace was between 750-830°C; the
axial compressive deformation sharply increased in a very
short time when the average temperature of the furnace was
between 880—-890°C.

3.5 Fire resistance

Due to the experimental group filled with fiber concrete,
or configured with longitudinal reinforcements and
transverse stirrups, their fire resistances are quite better than
that of the control group. Results from the fire tests indicate
that the fire resistance of the E1 specimen was 46 minutes,
as compared with 40 minutes for the C1 specimen. This
result shows that filling fiber concrete can improve the fire
resistance of CFBCs. In addition, the fire resistance of the
E2 specimen was 105 minutes, as compared with 46
minutes for the El specimen. As a result, it can be
concluded that the presence of rebars not only decreases the
propagation of cracks and sudden loss of strength, but also
contributes to the load-carrying capacity of the concrete
core. This result shows that the configuration of
longitudinal reinforcements and transverse stirrups can
significantly improve the fire resistance of CFBCs.
Moreover, under the same load level for fire design, the fire
resistance of the E2 specimen with transverse stirrup
spacing of 15 cm was 105 minutes, while the fire resistance
of the E3 specimen with stirrup spacing of 30 cm was
reduced to 68 minutes. This indicates that the stirrup
spacing is closely related to the fire resistance of CFBCs.

On the other hand, after the CFBC specimens had been
cooled, their failure modes were observed. Basically, there
was no cracking in the welding bead of the specimens. In
other words, no crack was detected in any of the specimens.
Overall, the failure was either by local buckling or general
instability. Fig. 13 shows the appearance of the C1, E1, and
E2 specimens after the fire test. It can be clearly seen that
the final failure mode was the local bulge of the column
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(a) Appearance of the C1 specimen
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(d) Bulge of the C1 specimen

(b) Appearance of the E1 specimen

(e) Bulge of the E1 specimen

(c) Appearance of the E2 specimen

P

(f) Bulge of the E2 specimen

Fig. 13 A general view of the specimens after test

steel plates. As demonstrated in Fig. 13, the local bulge of
the column steel plates occurred at several locations were
observed. Taking the E2 specimen as an example, it can be
seen from Fig. 13(f) that a prominent bulge was observed in
the web near mid-height of the column.

4. Conclusions

Based on the experimental results, the following conclu-
sions can be drawn:

® At a temperature of 600°C, the residual compressive
strength of the cylindrical HFC specimens can still
maintain 97% of the room-temperature strength,
while the residual compressive strength of the
cylindrical HSC specimens was only 89% of the
room-temperature strength. This showed that the
incorporation of polypropylene fiber can reduce the
formation pore pressure of concrete at high
temperature, thereby reducing the occurrence of
concrete disintegration.

e The CFBC specimens began to elongate when the
average temperature of the furnace reached about
390°C; the axial elongation of the CFBC specimens
increased rapidly when the average temperature of the
furnace was between 750-830°C; while the axial
compressive deformation sharply increased in a very
short time when the average temperature of the
furnace was between 880-890°C.

® Under the same load level for fire design, the fire
resistance of the El specimen was 46 minutes, as
compared with 40 minutes for the C1 specimen. This
result shows that filling fiber concrete can improve
the fire resistance of CFBCs.

® The fire resistance of the E2 specimen was 105
minutes, as compared with 46 minutes for the El
specimen. Therefore, it can be concluded that the
configuration of longitudinal reinforcements and

transverse stirrups can significantly improve the fire
resistance of CFBCs.

® The fire resistance of the E2 specimen with transverse
stirrup spacing of 15 cm was 105 minutes, while the
fire resistance of the E3 specimen with stirrup spacing
of 30 cm was reduced to 68 minutes. This indicates
that the stirrup spacing is closely related to the fire
resistance of CFBCs.

On the other hand, according to the results of this study,
some recommendations can be provided for the fire
resistance of CFBCs. Overall, CFBCs possesses excellent
structural behavior. The filling of concrete or reinforced
concrete can enhance the stiffness of box column. Besides,
it offers a practical solution for providing fire protection to
hollow structural steel columns without any external
protection.
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