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 In this paper, a non-linear three-dimensional finite 
element model is presented in order to study the 
behaviour of axially loaded ultra-high strength 
concrete filled circular hollow tubular columns 
exposed to fire. Ultra-high strength concrete with 
compressive strength greater than 180 N/mm2 has 
been developed for concrete filled tubes for use in 
high–rise buildings. This paper studies the 
structural performance of fire protected ultra-high 
strength concrete filled tubular columns exposed to 
the standard ISO fire. The aim of this work is to 
understand and represent the behaviour of axially 
loaded ultra-high strength concrete filled circular 
hollow tubular columns in fire situations and to 
compare calculation results with experiment. The 
numerical analyses are carried out using a general 
finite element analysis package ABAQUS and the 
results are 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 prediction and load 
displacement behavior during the fire. 
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1 Introduction 
 
The use of concrete filled tubular columns is 
common in high-rise buildings due to their excellent 
structural performance and the combined effect of 
steel and concrete working together has many 
advantages [1]. Their load and fire resistance can be 
further enhanced by filling them with concrete while 
the concrete core can restrict inward deformation of 
the steel tube thus enhancing local buckling 
resistance [ 2 ]. What’s more, there’s no need for 
additional formwork because of the steel tube [3]. 
The concrete core acts as heat sink which reduces the 
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temperature of the steel tube when the concrete filled 
tube is subjected to fire [4]. The reasonable periods 
of fire resistance can be achieved without the need 
for external protection if the concrete inside the steel 
tube is reinforced [5]. This would eliminate external 
fire protection and reduce the cost of inspection and 
maintenance of the fire protection material. 
Although the fire performance of hollow steel 
section columns filled with normal strength concrete 
(NSC) is well established [6], the fire design rules 
cannot be extended to ultra-high strength concrete 
(UHSC) filled steel columns. This is mainly 
attributed to faster deterioration of material 



72                                                 X. Lyu, E. F. Du, R. Li: Fire resistance of circular steel… 

properties of the UHSC as compared to that of the 
NSC. 
Studies on the fire resistance of steel tubular columns 
infilled with normal and high strength concrete have 
been carried out by many researchers [ 7][8][ 9]. 
Recent research focuses on the use of UHSC as 
infilling material to form concrete filled tubular 
members (CFTs) [ 10 ][ 11 ][ 12 ]. Steel tubular 
members infilled with the UHSC with compressive 
strength up to 180 N/mm2 provide higher 
compression resistance and, therefore, smaller 
column size. Liew [ 13 ] have investigated the 
behavior of such columns in both ambient 
temperature and fire situations.  
The UHSC material is very brittle and has no post 
peak behavior after it is loaded beyond the maximum 
load. This is a serious drawback and it limits its 
application in construction [ 14 ]. But when the 
UHSC 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 contribution ratio as 
observed by Liew [15] in the experimental studies. 
This paper presents the nonlinear finite element 
analysis model to simulate the fire performance of 

the ultra-high strength concrete filled tubular 
(UHSCFT) 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 axial compression 
followed by heating under standard ISO fire until 
failure. The analysis considers the influences of 
temperature on the strength and modulus of the 
UHSC material based on the test data from Xiong 
[ 16 ]. The accuracy of the numerical model is 
established by comparing the numerical results with 
test results.  

 
2 Temperature calculation of concrete filled 

tubular members 
 
The specimens for the analysis are taken from Xiong 
[16]. All the columns are 3810 mm long from end 
plate to end plate with 3000 mm long exposed to fire 
in the furnace, and the details are shown in the Table 
1. The prediction of the temperature field of 
UHSCFT column is based on the fire temperature in 
the furnace.

 
Table 1. Details of the UHSCFT columns 
 

Specimen 
Diameter × 

thickness 
D (mm) × ts (mm) 

Steel yield 
strength 
fy (MPa) 

Modulus of 
Elasticity  
Es (GPa) 

Concrete 
Cylinder Strength  

fc (MPa) 

tp
* 

(mm) δ* λ * 

UCZ-1 219.1x16 
432 204 

161 5.9 0.50 1.01 
UCZ-2 219.1x16 168 6.4 0.49 1.02 
UCZ-3 219.1x16 164 8.1 0.49 1.02 
UCZ-4 273x16 422 203 181 6.8 0.40 0.86 
UCZ-5 273x10 418 201 180 8.6 0.28 0.94 

Notes: tp is thickness of fire protection. δ=Aafy/(Aafy+Acfc) is the steel contribution ratio. λ  is the relative 
slenderness. 

The fire resistance of ultra-high strength concrete 
filled tubular (UHSCFT) columns 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. 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 [17]. A two-dimensional nonlinear thermal 
analysis model for the UHSCFT column exposed to 
a fire on four sides is considered, with the 
assumption that no heat is flowing along the 
longitudinal axis [ 18 ][ 19 ]. The finite element 

simulations for both the heat transfer and structural 
analyses are conducted using the general finite 
element analysis package ABAQUS. 
One of the main ingredients in making the UHSC is 
bauxite aggregate which has better fire resistance 
than the siliceous aggregate as use in normal strength 
concrete (NSC). The residual strength and the 
strength reduction factor of USHC are larger than 
those of NSC at elevated temperature. Furthermore, 
comparing the UHSC with the NSC, the strength 
reduction factor of UHSC is similar to NSC with 
calcareous aggregate, but higher than NSC with 
siliceous aggregate at temperature higher than 200℃. 
In other words, the strength and elastic modulus of 
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UHSC are reduced less than those of NSC at elevated 
temperature. However, explosive spalling behavior 
of UHSC was observed when it was heated up to 
500 ℃ . But this can be prevented by adding 
polypropylene fibers 0.1% volume of concrete [20]. 
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. A two-dimensional nonlinear 
thermal analysis model for the USCFT column 
exposed to a fire on four sides is considered, with the 
assumption that no heat is flowing along the 
longitudinal axis. In the paper, the circular hollow 
steel column heat transfer equation and the heat flux 
equation, including convection and radiation, is 
adopted respectively as below [21], 
 

2 2

2 2
1∂ ∂ ∂ ∂

= + +
∂ ∂∂ ∂
T T T Tρc k( )
t r rr z

 (1) 

4 4
c f f( ) [( 273) ( 273) ]Tk T T T T

n
α εσ∂

= − + + − +
∂

 (2) 

 
where c is the specific heat (J/kg·K), ρ is the density 
of the material (kg/m3), k is the heat transfer 
coefficient (W/m·K), t is the fire duration time (s), Tf 
is the temperature of the fire ( ℃ ), T is the 
temperature of the column surface (℃ ), 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 the 
Stefan-Boltzmann constant. Heat flux continuity is 
assumed at the interface between the fire protection 
material and steel, as well the same assumption 
between the steel and concrete. 
 
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, the 
second one is in the AIJ code model, and the third 
one is the Eurocode model. In this paper, the thermal 
model is based on the Eurocode model which 
considers the effects of water in the concrete on 
density and specific heat. 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. 
 
2.2 Thermal properties of the fire protection 

material 
 
In the fire tests reported in Xiong [16], 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 temperature. 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℃. In the 
thermal 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 Figs. 1a-c. The height of specimen exposed 
to fire is 3.0 m, while the height of specimen is 3.81 
m. The composite column is subjected to uniform 
heating (close to an ISO standard fire) from the 
surrounding air in the furnace during the entire 
heating process.
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Figure 1. Boundary condition for temperature field and calculation results. 
 
2.4 Comparison between the predicted and 

experimental results 
 
There are three measure points in the UHSCFT 
column. Point 1 is at the centre of column cross-
section, point 2 is at the position of r/2 (r is radius of 

concrete core) and Point 3 is at the edge of the 
concrete core. The predicted temperatures are 
compared based on the finite element analyses to the 
measured temperatures from the tests, as shown in 
Fig. 2. The furnace temperature was measured and 
plotted in Figs. 2a-e. 

 

 
(a) Specimen UCZ-1   (b) Specimen UCZ-2   (c) Specimen UCZ-3 

 
(d) Specimen UCZ-4      (e) Specimen UCZ-5 

 
Figure 2. Comparison between the predicted and measured temperatures for specimens UCZ-1~5. 
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For specimen UCZ-1, the measured temperature at 
point 2 compared well with the predicted results. The 
mean error between the predicted temperature and 
measured temperature is less than 5%, what’s more, 
with the temperature increasing, the value of the 
error becomes decreasing. The other two 
thermocouples at points 1 and 3 did not record any 
readings as they were damaged during the 
preparation of the test specimen. For specimen UCZ-
2, the mean errors between the predicted temperature 
and measured temperature for points 1, 2 and 3 are 
less than 5%, although the error is a little big for 
point 1 after exposing to fire 90 minutes. For 
specimens UCZ-3 and UCZ-5, the comparisons 
showed that the predicted temperatures were in 
reasonable agreement with the measured values. As 
shown in Fig. 2c, the mean errors between the 
predicted temperature and measured temperature for 
points 1 and 2 are less than 4%, although the mean 
error is about 12% for point 3. For specimen UCZ-5, 
the mean errors between the predicted temperature 
and measured temperature for points 1 and 3 are less 
than 6%, although the mean error is about 15% for 
point 2. The same reason was applied to the measure 
point 3 of UCZ-4, while the predicted temperature at 
points 1 and 2 are acceptable compared with the 
measured values. 
 
3 Mechanical properties at elevated 

temperature 
 
3.1 Ultra-high strength concrete (UHSC) 
 
There is limited information on the mechanical 
properties of the UHSC at elevated temperature. 
Xiong [16] conducted tests to evaluate the elastic 
modulus and compressive 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℃/min until 
the target temperature was reached. Dosage of 0.1% 
polypropylene in volume was added into the UHSC 
in case of spalling during heating. The target 
temperatures ranged between 100℃ to 800℃ at an 
increment of 100℃. Once the target temperature was 
reached, it was held for 4 hours to ensure that the 
temperature was uniformly distributed inside the test 
specimen. Finally, the specimen was subjected to 
compression until failure with displacement rate 
0.4mm/min during loading. Spalling was not 
observed during heating of all specimens. A typical 

stress-strain relationship of the UHSC elevated for 
specimen UCZ-1 is shown in Fig. 3. The test data 
were fitted into the stress-strain models in Eurocode 
2 [22] as follows: 
 

3 c,θ 0 cu1 θ
32c1 θ

c1 θ

ε
σ ε ε

εε
ε

≤ ≤
 
 +
  

f
=       ,

( ),
,

  

 (3) 

 
Where, fc,θ is the compressive strength, εc1,θ is the 
strain corresponding to fc,θ, εcu1,θ is the strain for 
defining range of the descending branch. 
 

 

 
Figure 3. Stress-strain relationship for the UHSC of 

UCZ-1 at various temperatures. 
 
Seen from Fig. 3, the peak stress decreases sharply 
at 100°C and recovery was observed at the 
temperature range between 100°C～300°C, which is 
the same as the compressive strength. The stress 
decreases sharply after the peak stress at temperature 
range between 20°C～300°C, but it decreases gently 
at temperature range between 400°C～800°C. 
 
3.2 Steel tube 
 
Eurocode 3 [23] provides the equations to describe 
the elastic modulus and effective strength of steel at 
elevated temperature. In the transient-state tests, the 
preload levels are applied as percentages of the 
effective yielding strength at 2% strain at ambient 
temperature and the specimen was heated under a 
constant preload until it fails. The preload were 
applied under load control. Load control mode was 



76                                                 X. Lyu, E. F. Du, R. Li: Fire resistance of circular steel… 

adopted since it could maintain the preloads during 
the following heating. The strain-temperature 
relations were recorded at temperature increment of 
100 ℃. As a result, a temperature-strain curve is 
recorded during the testing, which can be converted 
into stress-strain curve. The reduction factors of 
elastic modulus, yield strength and the relationship 
of stress and strain at elevated temperature given in 
Eurocode 3:1-2 are adopted for the numerical 
analysis. A typical stress-strain relationship of steel 
tube at elevated for specimen UCZ-1 is shown in Fig. 
4. 
 

 
 
Figure 4. Stress-strain relationship for steel of 

UCZ-1 at various temperatures. 
 
4 Fire Resistance of the UHSCFT Columns 
 
4.1 Eurocode 4 approach 
 
According to the simplified method in Eurocode 4 
[ 24 ], the plastic resistance of the concrete filled 
circular cross-section may be calculated as: 
 

pl,Rk a y c ck= +N A f A f  (5) 
 
if λ  > 0.5. Otherwise, concrete confinement effect 
may be considered in calculating the cross-section 
plastic resistance as: 
 

y
pl,Rk a a y c ck c

ck
1η η= + +

ftN A f A f ( )
d f

   (5) 

 
Where Aa and Ac are cross-sectional areas of the steel 
section, concrete core respectively. ηa and ηc are the 
steel strength reduction and the concrete strength 

enhancement factor, respectively. fy and fck are 
characteristic strengths of structural steel and 
concrete core respectively. t is the wall thickness of 
steel tube, d is the overall diameter of composite 
column. 
To account for overall buckling of the column, the 
reduction factor χ is given in terms of the relative 
slenderness λ  and the corresponding buckling 
curve as follows, 
 

2 2 1 1 0−= + − ≤χ (Φ Φ λ ) .  (6) 
 
where, 20.5 1+ ( 0 2) + )α − Φ= λ . λ and 

 

pl,Rk

cr
=

N
N

λ             (7) 

 
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 UHSCFT 
columns, therefore α= 0.21 is adopted herein. For 
comparison with test results, Npl,Rk calculated from 
Eq. (4) or (5) should be based on characteristic 
strengths. Ncr =π2(EI)eff/le

2 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. 
The characteristic buckling resistance of composite 
column subject to compression is given as 
 

b,Rk pl,RkN χN=           (8) 
 
4.2 The 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 [25]. 
In the thermal-mechanical analysis, 8-node brick 
element (C3D8R) is adopted for the UHSC core and 
4-node shell element (S4R) for steel tube. The finite 
element meshes for the column cross-section is 
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shown in Fig. 5a. The column is simply supported at 
both ends with the boundary conditions as shown in 
Fig. 5a. 
The observed failure mode of specimen UCZ-3 and 
the predicted failure mode from finite element model 
(FEM) are shown in Figs. 5c-d. 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 
interface [1]. Mesh convergence studies have been 
performed to study the sensitivity of the mesh size 
on the predicted results. An optimized mesh size of 
20mm (length):20mm (width):60mm (depth) for the 
part of specimen inside furnace, 20mm 
(length):20mm (width):100mm (depth) for the rest 
part of specimen outside furnace was selected to 
ensure that the predicted results are within 2% error.

 

 
 
Figure 5. Boundary conditions for mechanical models and comparison of experimental and numerical 

deformed shapes after fire exposure for specimen UCZ-3. 
 
The time-dependent thermal-mechanical analysis 
was performed using the ABAQUS, a general 
nonlinear finite element program. The column is 
assumed to have an initial bow imperfection 
approximating a half-sine curve of mid-height 
magnitude of Length//1000 [ 26 ]. 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 to 0.5 is 
assumed between the steel tube and concrete core. 
As for the friction coefficient in the tangential 
direction, this factor has little effect on the fire 
response of composite columns according to the 

previous research done in Ellobody [27] and thus μ= 
0.25 is assumed. A "Hard" contact formulation is 
used in the transverse direction normal to the 
concrete core surface to capture the contact pressure 
between the steel and concrete surfaces when they 
are in contact and allow for separation when the two 
surfaces move in indifferent directions. Sensitivity 
study on the friction coefficient has been carried out 
based on specimen UCZ-3. The result is shown in 
Fig. 6. According to the analysis results, the 
influence of friction coefficient on the fire resistance 
of composite column is insignificant when the value 
is between 0.3 and 0.5. The use of μ= 0.2 causes 
convergence problem near the failure temperature. 
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The use μ= 0.3 is most appropriate as the predicted 
displacement-time curve is closer to the test result. 
Finally, μ= 0.3 is selected for the friction coefficient 
in longitudinal direction.  
 

 

 
Figure 6. Comparison of test and predicted results 

with different friction coefficients 

The period of time that a column can maintain the 
compressive load when subjected to an ISO-834 
Standard fire is determined. 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 millimeter. 
The results from the numerical analyses and tests are 
shown in Figs. 7a-e, and the comparisons are given 
in Table 2. The error of predicting the fire resistance 
of the concrete filled tubular columns, as compared 
to the test results is within 15%. The error is 
considered to be reasonable and the numerical model 
will be used for parametric analyses in the 
subsequent sections. 
 
 

 

 
(a) Specimen UCZ-1    (b) Specimen UCZ-2    (c) Specimen UCZ-3 

 
(d) Specimen UCZ-4     (e) Specimen UCZ-5 

 
Figure 7. Comparison of fire resistance between the calculation results and experimental results. 
 
Table 2. Comparison of fire resistance time between the predicted and test results 
 

Specimen tp(mm) β* FR*-Predicted (min) FR*-Experiment (min) Error (%) 
UCZ-1 5.9 0.63 97 84 13 
UCZ-2 6.4 0.59 140 122 15 
UCZ-3 8.1 0.47 195 175 11 
UCZ-4 6.8 0.53 165 191 -14 
UCZ-5 8.6 0.56 191 175 9 

Note: “FR” is the fire resistance time. “β” is load ratio. 
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5 Conclusion 
 
In this paper, a finite element model (FEM) is 
proposed. Numerical heat transfer and nonlinear 
thermal-mechanical analyses are carried out to 
investigate the load displacement behavior and fire 
resistance of steel tubular members infilled with 
ultra-high strength concrete. Based on the study, 
several conclusions can be drawn below: 
(1) The FEM is used to analyze the structural 
behavior of the UHSCFT columns to gain insight 
into the failure mechanism. Considered the 
interaction between concrete and steel tube, 
generally, the temperatures, the fire resistance, and 
the axial deformation of the UHSCFT columns 
calculated based on the Eurocode material model are 
in reasonable agreement with the experimental 
results. The FEM proposed could be used to predict 
the fire behaviour of the UHSCFT columns in the 
buildings. 
(2) Sensitivity study about the friction coefficient has 
been carried out based on specimen UCZ-3. 
According to the analysis results, the influence of 
friction coefficient μ= 0.3 is most appropriate as the 
predicted displacement-time curve is closer to the 
test result. So μ= 0.3 is selected for the friction 
coefficient in specimen longitudinal direction. 
(3) The temperature distribution in the cross section, 
fire resistance and axial-load deformation of the 
UHSCFT columns have been predicted using the 
finite element model and compared well with the 
experimental results. Based on that, the numerical 
models can be used to study the important 
parameters that will affect the fire resistance of 
UHSC filled tubular columns in the future.  
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