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Abstract
Ultra-high strength concrete (UHSC) with compressive strength greater than 100 MPa at room temperature has been devel-
oped for concrete filled square steel tubular column for use in high-rise buildings. The fire resistance of UHSC filled protected 
square steel tubular columns exposed to the standard ISO fire is investigated in this paper. For this purpose, numerical heat 
transfer analysis and nonlinear thermal stress analysis were conducted by taking into account the existing material proper-
ties, such as the thermal and mechanical properties of UHSC and high strength steel. The numerical analyses were carried 
out and the results were validated against the test results in terms of heat distribution and mechanical behavior. Comparison 
with the test results showed a reasonable agreement with finite element results in terms of temperature field prediction and 
load displacement behavior during the fire. Finally, based on the validated finite element model, the effects of fire protection 
thickness, load ratio, the strengths of concrete and steel, steel contribution ratio, and relative slenderness ratio on the fire 
resistance of UHSC filled square steel tubular columns were carried out and discussed.

Keywords  Thermal analysis · Constant axial load · Fire resistance · Protected square steel tubular column · Ultra-high 
strength concrete · Mechanical properties

1  Introduction

The use of composite construction has become more wide-
spread in recent decades. Depending on several advantages 
such as high load-bearing capacity, inherent ductility and 
toughness, concrete-filled steel tubular columns are com-
monly used in high-rise buildings and bridges. The main 
benefit of using concrete filled tubular columns is the 
increase of load bearing capacity without the need of addi-
tional formwork. Their fire resistance can also be further 
enhanced with infilled concrete (Chung et al. 2009; Rush 

et al. 2012; Shu and Lv 2013). This is likely due to the fact 
that concrete core traps the heat inside the steel tube. In other 
words, the concrete core acts as heat sink which reduces 
the temperature of the steel tube when the concrete filled 
steel tube is subjected to fire (Xiao et al. 2016; Jamalud-
din et al. 2013; Qu et al. 2015). Fire resistance is defined 
as the duration during which a structural member exhibits 
resistance with respect to structural integrity, stability, and 
temperature transmission under fire conditions (Hassanein 
et al. 2015; Fong et al. 2011). In high-rise buildings, fire 
resistance is a critical design consideration for columns since 
fire represents one of the most severe conditions that may 
be encountered during the life time of a building (Mao and 
Kodur 2011).

Studies on the fire resistance of square steel tubular col-
umns infilled with normal and high strength concrete have 
been carried out by many researchers (Wang and Young 
2013; Han et al. 2003; Chung et al. 2013; Lyu et al. 2018). 
Recent research focuses on the use of ultra-high strength 
concrete (UHSC) as infilling material to form concrete filled 
tubular members (CFTs) (Lee et al. 2012; Choe et al. 2015; 
Shin et al. 2015). Steel tubular members infilled with UHSC 
with compressive strength up to 180 N/mm2 provide higher 
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compression resistance and, therefore, smaller column size. 
Liew et al. (2014) have investigated the behavior of such 
columns in both ambient temperature and fire situations.

Square CFT columns without fire protection were used 
in the actual construction of the parking garage of Samsung 
Electronics in February 2007. This was the first time the type 
of construction was used in Korea (Park et al. 2008).

High strength materials have been found to be attractive 
alternatives to normal strength materials for high-rise con-
struction. The use of high strength materials is feasible for 
columns in high rise buildings. This is because the higher the 
material strength, the smaller the member size is required to 
resist the same design load. As ultra-high strength concrete 
is used in concrete filled tubes, the confinement provided 
by the steel tube can improve the post-peak ductility of the 
ultra-high strength concrete depending on the steel contri-
bution ratio as observed by Liew et al. (2015) in the experi-
mental studies. The aim of this paper is to attempt to propose 
a numerical model for temperature field calculations and 
thermal–mechanical analyses of UHSCFST columns and 
learn various parametric effects on fire resistance.

In the numerical model, the fire resistance of UHSCFST 
columns is calculated in various steps, consisting of temper-
ature calculation of the fire to which the column is exposed, 
the temperature distribution across the cross-section of col-
umn, the deformations during exposure to fire and, finally, 
the fire resistance. This paper presents the nonlinear finite 
element analysis model to simulate the fire performance of 
UHSCFST columns exposed to the standard fire condition. 
The composite action between the steel and concrete has 
been considered in the numerical model. The column is 
subjected to constant axial compression followed by heat-
ing under the standard ISO fire until failure. The analysis is 
considered of the influences of temperature on the strength 
and modulus of the UHSC material based on the test data 
from an existing literature (Xiong 2013). The accuracy of the 
numerical model is established by comparing the numerical 
results with test results. Finally, parametric studies are car-
ried out to evaluate the effects of fire protection thickness, 

load ratio, strengths of concrete and steel, steel contribu-
tion ratio and relative slenderness ratio on fire resistance of 
protected square steel tubular members infilled with UHSC. 
By varying these parameters, an economical design, that 
satisfies the fire resistance requirements for structures, can 
be determined.

2 � Temperature Calculation of Concrete 
Filled Square Steel Tubular Columns

The specimens for the analyses are taken from available 
reference (Xiong 2013). All the specimens are 3.81 m long 
from end plate to end plate with 3 m long exposed to fire in 
the furnace, and the details are shown in Table 1 and Fig. 1a, 
b. The prediction of the temperature field of UHSCFST col-
umn is based on the fire temperature in the furnace.

The fire resistance of ultra-high strength concrete filled 
square tubular column depends on the fire temperature to 
which the column is exposed, the temperature field in the 
column, the strength of the materials at elevated temperature 
and the member deformations during the fire exposure.

The two-dimensional heat flow problem is modeled math-
ematically based on Fourier law of heat transfer. A statement 
of the heat conduction balance equation is given below,

where c material specific heat (J/kg K), ρ material density 
(kg/m3), λ material thermal conductivity (W/m K).

By assuming that furnace fire is the fire source, the heat 
convection and heat radiation is calculated as follows,

where αc = 25  W/m2  K is the convection coefficient, 
ε = 0.5 is the resultant emissivity of the furnace and the 
exposed refractory surface, σ = 5.67 × 10–8 W/(m2 K4) is 
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Table 1   Details of the 
UHSCFST columns

tp is thickness of fire protection. δ = Asfy/(Asfy + Acfc) is the steel contribution ratio. � is the relative slender-
ness.

Specimen Diam-
eter × thick-
ness
D (mm) × ts 
(mm)

Steel yield strength
fy (MPa)

Modulus of elasticity
Es (GPa)

Concrete 
cylinder 
strength
fc (MPa)

tp*

(mm)
δ*

�*

USZ-1 200 × 12 785 211 174 8.0 0.57 0.58
USZ-2 200 × 12 173 11.5 0.57 0.58
USZ-3 200 × 12 170 9.1 0.57 0.57
USZ-4 200 × 12 166 8.8 0.58 0.57
USZ-5 200 × 12 166 9.5 0.58 0.57
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the Stefan–Boltzmann constant (ECCS 1988), Ts is average 
surface temperature, Tf is temperature of furnace fire.

Using the temperature-dependent thermal properties of 
the concrete and steel, the temperature history of the column 
can be obtained by solving the heat balance equation (ISO 
834-1 1999). A two-dimensional nonlinear thermal analy-
sis model for the UHSCFST column exposed to a fire on 
four sides is considered, with the assumption that no heat 
is flowing along the longitudinal axis (Yu et al. 2010; Dai 
and Lam 2012). The finite element simulations for both the 
heat transfer and structural analyses are conducted using the 
general finite element analysis package ABAQUS.

2.1 � Thermal Properties of the Ultra‑high Strength 
Concrete (UHSC)

The thermal properties include the thermal conductivity, 
specific heat, thermal expansion, and the mass loss of the 
material at elevated temperatures. There are three material 
models of thermal properties which are often adopted for the 
heat transfer calculations. One is the Lie’s thermal model 
(Lie 1992), the second one is the AIJ code model (AIJ 2008), 
and the third one is the Eurocode model. In this paper, the 
thermal model is based on the Eurocode model (Eurocode 
2 2004; Eurocode 4 2005). Generally, the lower limit of 
thermal conductivity is used for normal strength concrete 
(NSC), while the upper limit is considered for high strength 
concrete (HSC) and ultra-high strength concrete (UHSC). 

The moisture content is assumed to be 3% for NSC and HSC, 
whereas it is ignored for UHSC (Xiong and Liew 2016).

2.2 � Thermal Properties of the Fire Protection 
Material

In the fire tests reported in reference (Xiong 2013), the fire 
protection material was a mixture of Portland cement (40%), 
perlite (25%), vermiculite (20%) and water (15%) by weight. 
The thermal properties are assumed not to change with tem-
perature. The thermal conductivity = 0.116 W/m K, specific 
heat = 1010 J/kg K and density = 305 kg/m3 are adopted 
based on the test data.

2.3 � Thermal Analysis of the Specimens

The initial ambient temperature is set as 20 °C. In the ther-
mal analysis, 4-node shell element (DS4) is adopted to 
model the steel tube and 8-node brick element (DC3D8) for 
the concrete core and the fire protection with three layers 
along its thickness. The heat convection and radiation are 
considered as boundary conditions in the thermal analysis as 
shown in Fig. 2a–c. The height of specimen exposed to fire 
is 3.0 m, while the height of specimen is 3.81 m. The com-
posite column is subjected to uniform heating (close to the 
ISO standard fire) from the surrounding air in the furnace 
during the entire heating process.

Fig. 1   Boundary condition for 
column specimen in test (Xiong 
2013)
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2.4 � Comparison Between the Predicted 
and Experimental Results

There are three measure points in the UHSCFST column. 
Point 1 is at the centre of column cross-section, Point 2 is at 
the position of a/4 (a is the edge length of square concrete 
core) and Point 3 is at the edge of the concrete core. The pre-
dicted temperatures based on the finite element analyses are 
compared with the measured temperatures from the tests, as 
shown in Fig. 3. The furnace temperature was measured and 
plotted in Fig. 3a–e.

For specimen USZ-1, the measured temperature at Point 
1 and 2 compared well with the predicted results. The mean 
error between the predicted temperature and measured tem-
perature is less than 3% for point 1, 4% for Point 2. For meas-
ured temperature at Point 3, with the temperature increasing, 
the value of the error becomes increasing. This is because that 
the thermocouple was damaged after 15 min during the experi-
ment. The results of specimen USZ-2 and USZ-4 are similar to 
specimen USZ-1, the comparisons showed that the predicted 
temperatures were in reasonable agreement with the measured 
values, especially for Point 1 and 2. As shown in Fig. 3b, d, the 
mean errors between the predicted temperature and measured 
temperature for Points 1 and 2 are less than 5%, although the 
mean error is about 14% for Point 3. For specimens USZ-3 and 
USZ-5, the mean errors between the predicted temperature 
and measured temperature for Points 1, 2 are less than 5%, 
although the mean error is about 9% for Point 3.

3 � Mechanical Properties at Elevated 
Temperature

3.1 � Ultra‑high Strength Concrete (UHSC)

There is limited information on the mechanical proper-
ties of UHSC at elevated temperature. Xiong (2013) con-
ducted tests to evaluate the elastic modulus and compres-
sive strength of the UHSC at elevated temperatures. In 
the tests, cylinder specimens with diameter = 100 mm 
and height = 200 mm were prepared. The specimens were 
heated in a furnace without pre-loading at a rate of 5 °C/
min until the target temperature was reached. Dosage of 
0.1% polypropylene in volume was added into UHSC in 
case of spalling during heating. The target temperatures 
ranged between 100 and 800 °C at an increment of 100 °C. 
Once the target temperature was reached, it was held for 
4 h to ensure that the temperature was uniformly distrib-
uted inside the test specimen. Finally, the specimen was 
subjected to compression until failure with displacement 
rate 0.4 mm/min during loading. A typical stress–strain 
relationship of UHSC at elevated for specimen USZ-1 is 
shown in Fig. 4. The reduction factors of the elastic modu-
lus and compressive strength for specimens are shown in 
Tables 2 and 3, respectively. The test data were fitted into 
the stress–strain models in Eurocode 2 (Eurocode 2 2004) 
as follows,

Fig. 2   Boundary conditions for 
temperature field and calcula-
tion results
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where fc,θ is the compressive strength, εc1,θ is the strain cor-
responding to fc,θ, εcu1,θ is the strain for defining range of the 
descending branch.

Spalling was not observed during heating of all speci-
mens. As shown in Table 2, for the elastic modulus of 

(3)
� =

3�fc,�

�c1,θ

[

2 +
(

�

�c1,θ

)3
] 0 ≤ � ≤ �cu1,θ

UHSC at elevated temperature, an unusual deterioration 
and recovery were observed at the temperature range 
of 100–200 °C. For the compressive strength of UHSC 
at elevated temperature, an unusual deterioration was 
observed at the temperature 100 °C, which was shown 
in Table 3. However, with temperature increased range 
of 100–300  °C, the strength was partly recovered. At 
800 °C, the strength was only about 30% of that at room 
temperature.

-1

SZ-2

SZ-3

(a) Specimen USZ

(b) Specimen U

(c) Specimen U

(d) Specimen USZ-4

(e) Specimen USZ-5

Fig. 3   Comparison between the predicted and measured temperatures for specimens USZ-1–5
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As shown in Fig. 4, the peak stress decreases sharply 
at 100 °C and recovery was observed at the temperature 
range of 100–300 °C, which is the same as the compressive 
strength. The stress decreases sharply after the peak stress 

at temperature range of 20–300 °C, but it decreases gently 
at temperature range of 400–800 °C.

3.2 � Steel

Eurocode 3 (Eurocode 3 2005) provides the equations to 
describe the elastic modulus and effective strength of steel at 
elevated temperature. The reduction factors of elastic modu-
lus, yield strength and the relationship of stress and strain at 
elevated temperature given in Eurocode 3:1–2 (Eurocode 3 
2005) are adopted for the numerical analysis.

4 � Fire Resistance of UHSCFST Columns

4.1 � Eurocode 4 Approach

According to the simplified method in Eurocode 4 (Eurocode 
4 2005), the plastic resistance of the concrete filled square 
cross-section may be calculated as:

Fig. 4   Stress–strain relationship for UHSC of USZ-1 at various tem-
peratures

Table 2   Reduction of secant 
modulus for UHSC at elevated 
temperature

The data were obtained from Xiong’s experiments

Tem-
perature 
(°C)

USZ-1 (MPa) USZ-2 (MPa) USZ-3 (MPa) USZ-4 (MPa) USZ-5 (MPa) Mean reduction

20 1.03 × 105 1.03 × 105 1.01 × 105 9.86 × 104 9.86 × 104 1.00
100 8.55 × 104 8.55 × 104 8.38 × 104 8.18 × 104 8.18 × 104 0.83
200 9.27 × 104 9.27 × 104 9.09 × 104 8.87 × 104 8.87 × 104 0.90
300 7.73 × 104 7.73 × 104 7.58 × 104 7.40 × 104 7.40 × 104 0.75
400 5.67 × 104 5.67 × 104 5.56 × 104 5.42 × 104 5.42 × 104 0.55
500 4.64 × 104 4.64 × 104 4.55 × 104 4.44 × 104 4.44 × 104 0.45
600 3.09 × 103 3.09 × 103 3.03 × 103 2.96 × 103 2.96 × 103 0.30
700 2.58 × 103 2.58 × 103 2.53 × 103 2.47 × 103 2.47 × 103 0.25
800 2.37 × 103 2.37 × 103 2.32 × 103 2.27 × 103 2.27 × 103 0.23

Table 3   Reduction of 
compressive strength for UHSC 
at elevated temperature

The data were obtained from Xiong’s experiments

Tem-
perature 
(°C)

USZ-1 (MPa) USZ-2 (MPa) USZ-3 (MPa) USZ-4 (MPa) USZ-5 (MPa) Mean reduction

20 174 173 170 166 166 1.00
100 135 134 131 128 128 0.77
200 156 155 152 148 148 0.89
300 165 164 161 157 157 0.95
400 146 145 143 139 139 0.84
500 124 123 121 118 118 0.71
600 107 106 105 102 102 0.61
700 88 87 86 84 84 0.51
800 52 52 51 50 50 0.30
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where As and Ac are cross-sectional areas of the steel sec-
tion, concrete core respectively. fy and fck are characteristic 
strengths of structural steel and concrete core respectively.

To account for overall buckling of the column, the reduc-
tion factor χ is given in terms of the relative slenderness � 
and the corresponding buckling curve as follows,

where � = 0.5
[

1 + �(� − 0.2) + �
2
)

]

 and

α is an imperfection factor corresponding to the appropriate 
buckling curve. For concrete filled tubes, buckling curve 
“a” and α = 0.21 are adopted if the reinforcement ratio 
does not exceed 3%. In the tests, there is no reinforcement 
in the UHSCFST columns, therefore α = 0.21 is adopted 
herein. For comparison with test results, Npl,Rk calculated 
from Eq. (4) should be based on characteristic strengths. 
Ncr = π2(EI)eff/le2 is the Euler buckling load of the composite 
column, and (EI)eff = EaIa + 0.6EcmIc is the effective flexural 
stiffness of the composite cross-section, where Ea is the 
modulus of elasticity of the structural steel and Ecm is the 
secant modulus of elasticity of concrete. Ia and Ic are the 
second moments of area of the structural steel section and 
the uncracked concrete section respectively.

(4)Npl,Rk = Asfy + Acfck

(5)� = (� +

√

�2 − �
2
)−1 ≤ 1.0

(6)� =

√

Npl,Rk

Ncr

The characteristic buckling resistance of composite col-
umn subject to compression is given as

4.2 � Thermal–Mechanical Analysis

During the thermal stress analysis, the element mesh 
remains the same as the temperature field analysis without 
fire protection. But the element type is changed from heat 
transfer element to thermal mechanical element.

In the thermal–mechanical analysis, a 8-node brick ele-
ment (C3D8R) is adopted for the UHSC core and a 4-node 
shell element (S4R) for steel tube. The finite element meshes 
for the column cross-section is shown in Fig. 5a. The column 
is simply supported at both ends with the boundary condi-
tions as shown in Fig. 5a.

The observed failure mode of specimen USZ-3 and the 
predicted failure mode from FEM are shown in Fig. 5b, c. 
The temperatures, stresses and strains at the centre of each 
element are assumed to be representative of those of the 
entire element. Furthermore, it is assumed that the steel 
and the concrete had the same temperature, t, at the inter-
face (Song et al. 2010). Mesh convergence studies have 
been performed to study the sensitivity of the mesh size 
on the predicted results. An optimized mesh size of 20 mm 
(length):20 mm (width):60 mm (depth) for the part of speci-
men inside furnace, 20 mm (length):20 mm (width):100 mm 
(depth) for the rest part of specimen outside furnace was 

(7)Nb,Rk = �Npl,Rk

Fig. 5   Boundary conditions 
for mechanical models and 
comparison of experimental 
and numerical deformed shapes 
after fire exposure for specimen 
USZ-3
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selected to ensure that the predicted results are within 5% 
error.

The time-dependent thermal–mechanical analysis was 
performed using ABAQUS, a general nonlinear finite ele-
ment program. The column is assumed to have an initial bow 
imperfection approximating a half-sine curve of mid-height 
magnitude of length//1000. This member imperfection has 
been adopted based on the first buckling mode shape of pin-
ended column subject to axial compression.

The value of friction coefficient μ = 0.2–0.5 is assumed 
between the steel tube and concrete core (Espinos et al. 
2010). The use of μ = 0.2 causes convergence problem near 
the failure temperature. The use μ = 0.3 is most appropriate 
as the predicted displacement–time curve is closer to the 
test result. What’s more, as for the friction coefficient in the 
tangential direction, this factor has little effect on the fire 
response of composite columns, finally, μ = 0.3 is selected 
for the friction coefficient in the longitudinal direction. A 
“Hard” contact formulation is used to capture the contact 
pressure between the steel tube and the concrete surfaces in 
the transverse direction. Separation is allowed when the two 
surfaces move in different direction.

The period of time that a column can maintain the com-
pressive load when subject to the ISO-834 Standard fire is 
determined (ISO-834-1 1999). For a column member subject 
to compression, failure occurs when either of the following 
two criteria is reached:

1.	 The axial deformation of the column reaches 0.01L mm, 
or

2.	 The axial deformation velocity exceeds 0.003L mm/min, 
where L is the fire exposed length of column in millim-
eter.

The results from the numerical analyses and tests are 
shown in Fig. 6, and the comparisons are given in Table 4. 
The error of predicting the fire resistance of the concrete 
filled tubular columns, as compared to the test results, is 
within 13%. The error is considered to be reasonable and 
the numerical model will be used for parametric analyses in 
the subsequent sections.

5 � Parametric Study on Factors Influencing 
Fire Resistance

Parametric analysis is carried out on ultra-high strength con-
crete filled square tube section with side length a and tube 
thickness ts, longitudinal length L, and is subjected to fire. 
The column is assumed to have an initial bow imperfection 
approximating a half-sine curve of mid-height magnitude 
of Length//1000. The column ends are assumed to be sim-
ply supported and it is subjected to axial compression. The 

same failure criteria as described in Sect. 4 are assumed in 
calculating the fire resistance of the UHSCFST column. The 
load acting on the column is 0.5Nb,Ek in which Nb,Ek is the 
characteristic buckling resistance of the member at ambient 
temperature based on Eurocode 4 (2005) prediction.

Parameters that influence the fire resistance of UHSC 
filled square steel tubes are studied using the finite element 
model established in Sect. 4. These parameters include fire 
protection thickness, load ratio β, strengths of the concrete 
and steel, relative slenderness ratio � steel contribution ratio 
(δ = Asfy/(Asfy + Acfc), where the As and Ac are the cross-sec-
tional areas of steel tube and concrete core, respectively). 
The results are shown in Figs. 7, 8, 9, 10, 11 and 12.

In the following, the effect of the various factors that 
determine the fire resistance of UHSCFST columns will be 
discussed.

5.1 � Effect of Fire Protection Thickness

As shown in Fig. 7a, b, the thickness of fire protection has 
a great influence on the fire resistance of the composite col-
umn. The fire protection thickness tp is varied from 2 to 
12 mm, with the thickness of the steel tube ts, steel contribu-
tion ratio δ and relative slenderness ratio � unchanged. The 
relationship between the increase of fire protection and the 
fire resistance is almost linear and this information is easy 
to be used for structural-fire design of concrete filled tube. 
In the beginning of heating, thermal axial expansion is more 
serious for columns with thinner fire protection. As the time 
of fire exposure is getting longer, the column deflects later-
ally and eventually leads to axial shortening until failure 
occurs with run-away deflection. Figure 7b shows the rela-
tionship between the fire protection thickness and the fire 
resistant time of the column. The increase of fire resistance 
time is about 15 min per unit thickness of fire protection in 
mm. The minimum fire protection thickness is about 5 mm 
to attain a 2-h ISO standard fire rating.

5.2 � Effect of Load Ratio

Figure 8a shows the effects of load ratio on the fire resistance 
of the composite column, with the thickness of fire protec-
tion tp, steel contribution ratio δ and relative slenderness 
ratio � unchanged. It is apparent that the upward expansion 
is larger for columns subject to smaller load ratio. Figure 8b 
shows that the relationship between the fire resistant time 
and load ratio is linear. With the load ratio increasing, the 
fire resistance of the column decreases rapidly. As expected, 
the fire resistance rating of the composite column decreased 
with an increase of applied load nearly in linear. For exam-
ple, the fire resistance decreases 8% while the load ratio 
β changes from 0.3 to 0.4, and this trend is still mild with 
the value of load ratio increasing. The fire resistance time 
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decreases only 7% while the load ratio β varies from 0.8 to 
0.9.

5.3 � Effect of Concrete Strength

The effect of concrete strength was investigated by cal-
culating the fire resistance of the columns for six con-
crete strengths, namely, 130, 140, 150, 160, 170, and 
180 MPa. Figure 9a shows the effects of concrete strength 
on fire resistance of composite column, with the thickness 

of fire protection tp, load ratio β and strength of steel fy 
unchanged. Figure 9b plots the fire resistant time with 
respected to the concrete strength. It shows that the influ-
ence of concrete strength on the fire resistance of the com-
posite column is insignificant. For example, the fire resist-
ance increases only 6%, while the concrete strength varies 
from fc = 130 MPa to fc = 180 MPa, about 38% increment. 
The fire resistance improves slightly and almost linearly 
with an increase of the concrete strength.

(a) Specimen USZ-1

(b) Specimen USZ-2

(c) Specimen USZ-3

(d) Specimen USZ-4

(e) Specimen USZ-5

Fig. 6   Comparison of fire resistance between the calculation results and experimental results (Xiong 2013)
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5.4 � Effect of Steel Strength

Figure 10a shows the effects of steel strength on fire resist-
ance of composite column, with the thickness of fire protec-
tion tp, load ratio β and strength of concrete fc unchanged. 
Figure 10b shows the fire resistant time with respected to 
the steel strength. It is observed that the steel strength has a 
moderate influence on the fire resistance of the composite 
column. The fire resistance improves slightly but linearly 
as the steel strength increases. For example, the fire resist-
ance increases only 3%, while the concrete strength varies 

Table 4   Comparison of fire resistance time between predicted and 
test results

“FR” is the fire resistance time. “β” is load ratio

Specimen tp(mm) β* FR*-
predicted 
(min)

FR*-experi-
ment (min)

Error (%)

USZ-1 8.0 0.63 127 118 8
USZ-2 11.5 0.59 143 131 9
USZ-3 9.1 0.47 118 104 13
USZ-4 8.8 0.53 176 156 13
USZ-5 9.5 0.56 77 70 10

Fig. 7   Relationship between fire protection thickness (mm) and fire 
resistant time (mins)

Fig. 8   Relationship between load ratio and fire resistance time (mins)

Fig. 9   Relationship between concrete strength (MPa) and fire resist-
ance time (mins)



1793International Journal of Steel Structures (2020) 20(5):1783–1795	

1 3

from fy = 235 MPa to fy = 355 MPa, about 51% increment. 
In addition, the fire resistance increases only 1%, while the 
concrete strength varies from fy = 420 MPa to fy = 460 MPa, 
about 10% increment.

5.5 � Effect of Steel Contribution Ratio

The fire resistance of UHSCFST column increases with the 
increase of steel contribution ratio as shown in Fig. 11a, b, 
with the thickness of fire protection tp, load ratio β, strength 
of concrete fc and strength of steel fy unchanged. The fire 
resistance of the columns improves slightly with the increase 
of steel contribution ratio. With the steel ratio varied from 
0.29 to 0.46, the fire resistance increases 4 min, in other 
words, only 2% increment.

5.6 � Effect of Relative Slenderness Ratio

It is well known that the slenderness plays an important role 
in the buckling resistance of a column in compression. In 
order to study the effect of the column slenderness on fire 
resistance of UHSCFST column, the relative slenderness 
ratio � varies from 0.38 to 1.52 by changing the column 
length L from 1270 to 5080 mm with an initial imperfection 

of L/1000. Figure 12b shows that the relative slenderness 
ratio has a significant influence on the fire resistance of com-
posite column, with the thickness of fire protection tp, load 
ratio β and steel contribution ratio δ unchanged. The fire 
resistance decreases significantly with the increase of the 
relative slenderness ratio. This can be attributed to larger 
second-order moment due to axial force acting on higher 
lateral deflection of the column with larger relative slender-
ness ratio.

6 � Discussion

The proposed finite element method (FEM) is feasible to 
calculate fire resistance of UHSCFST columns by using 
ABAQUS. A full package of heat transfer analysis and 
coupled thermal–mechanical analysis is needed for each 
time step and can be achieved. The behaviour of specimens 
mainly depends on the temperature range as subjected to 
fire. During the early stages of fire exposure, the steel col-
umn carries most of the load. This is because the steel sec-
tion expands more rapidly the concrete core. At increased 
temperatures, the steel section yields because of decreas-
ing strength and the column suddenly contracts (Kodur 
1998). Figure 7a, b show the thickness of fire protection 
has a great influence on fire resistance of the composite 

Fig. 10   Relationship between steel strength (MPa) and fire resistance 
time (mins)

Fig. 11   Relationship between steel contribution ratio and fire resist-
ance time (mins)
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column. Because it can slow down the heating rate of steel 
and concrete core. The influence of steel contribution ratio, 
the strength of concrete and steel on fire resistance is uncon-
spicuous, as these factors can not decrease the heating rate of 
specimens during the fire exposure. The relative slenderness 
ratio also has significant impact on fire resistance of compos-
ite column as shown in Fig. 12a, b. Under the same specimen 
length and boundary condition, with the specimen cross sec-
tion size increasing, the speed of temperature rise is slowing 
down. So the strength of the materials reduces slowly.

Based on the analysis results, the thickness of protection, 
load ratio, and relative slenderness ratio have significant 
effects on the fire resistance of UHSCFST columns subject 
to constant axial load. Whereas, the other parameters, such 
as the steel contribution ratio, the strength of concrete and 
steel have only moderate effects on the fire resistance of the 
columns.

7 � Conclusions

In this paper, numerical heat transfer and nonlinear ther-
mal–mechanical analyses are carried out to investigate 
the behavior and fire resistance of ultra-high strength 

concrete filled square steel tubular columns under con-
stant axial load. Also the results of the parametric studies 
on fire resistance of ultra-high strength concrete filled 
square steel tubular columns are described. The results 
of the numerical analyses were compared with the avail-
able experimental results, and the following conclusions 
can be drawn:

1.	 The calculation results of temperature fields are in rea-
sonable agreement with the experimental results and 
most of the differences within 5%. By considering the 
influence of friction coefficient in specimen longitudinal 
direction, the calculation results of displacement–time 
of the specimens are closer to the test results with an 
accuracy that is adequate for practical purposes.

2.	 The temperature distribution of the cross section and 
the fire resistance of the UHSCFST columns calculated 
from the proposed numerical model are in reasonable 
agreement with the experimental results. In some cases, 
the failure UHSCFST columns by axial compression 
occurred suddenly, without warning. Based on that 
above, the numerical models proposed can be used to 
study the important parameters that will affect the fire 
resistance of UHSC filled square tubular columns.

3.	 The material models based on the Eurocode are used to 
analyze the structural behavior of the UHSCFST col-
umns to gain insight into the failure mechanism. Before 
attaining the maximum axial deformation, the data of 
experiment is close to that calculated by numerical 
model. Compared the calculation results with the experi-
mental results, it indicates that the numerical models can 
be used to describe the failure of the specimens in the 
fire test.

4.	 The fire resistances of UHSCFST columns are evalu-
ated for varying parameters such as the thickness of pro-
tection, load ratio, steel contribution ratio, and relative 
slenderness ratio. The thickness of protection, load ratio, 
and relative slenderness ratio were found to have signifi-
cant effects on the fire resistance of UHSCFST columns 
under axial compression. Whereas the steel contribution 
ratio, the strength of concrete, and strength of steel were 
found to have only moderate effects on the fire resistance 
of the columns, if other parameters were kept the same.
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